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Abstract 

I'Xlcnsive  examinatitm  of  Nttrth  Pacific  Hasin  red  cla>s  hy  scan- 
niiiii  and  transmission  electron  microscopy  reveals  that  the  mean 
constituent  of  the  red  clays  are  illite-rich  argillaceous  or  shale  clasts, 
quart/  and  authigenic  smectite.  The  main  source  of  the  shale  clasts 
and  quart/  are  aeolian  in  nature  and  are  derived  mainly  from  Af* 
rican  and  Asian  shales,  Illite-rich  argillaceous  or  shale  clasts  are 
identifiable  by  their  morpholtigy  (high  degree  of  roundness),  se¬ 
lected  area  diffraction,  and  their  unique  fracture  characteristics 
created  b>  an  ultra  thin-sectioning  process.  This  alUvws  for  the 
identification  and  diffemntialion  of  illite-rich  shale  clasts  from  other 
clays,  including  detrilal  illile.  kaolinite,  and  .smectite,  (ieotech- 
nicai  examination  of  the  red  clays  indicate  that  they  are  iivercon- 
solidated:  the  preconsolidation  stress  is  in  all  cases  larger  than  the 
vertical  effective  stress.  The  overconsolidation  is  attributed  to  the 
strong  bonding  ol  argillaceous  or  shale  clasts,  quart/  and  other 
particulate  matter  by  x-ray  amorphous  and  well  developed  crys¬ 
talline  sheets  of  authigenic  smectite  characterized  by  high  surface 
activity . 

Introduction 

Pelagic  sediments,  especially  red  clays,  have  been  an 
enigma  from  the  dawn  of  geological  ocean  explora¬ 
tion,  Red  clays  were  discovered  during  the  Challenger 
Kxpedition  (1872-1875)  when  scientists  found  that 
deep  ocean  sediments  consisted  of  either  ealearctms 
or  siliceous  hiogenie  oo/e  and  extremely  fine-grained 
material  consisting  of  authigenic  minerals,  volcano- 
genic  elastics,  and  hiogenous  particles.  These  two  types 
of  sediments,  biogenic  and  inorganic,  were  both  clas¬ 
sified  as  pelagic  sediments  (Arrhenius  196.4,  Bram- 
Ictte  1958).  Despite  the  fact  that  red  clays  cover  ap¬ 
proximately  .41  percent  of  the  world's  ocean  basins  or 


about  20  percent  of  the  total  surface  of  the  earth,  very 
little  knowledge  exists  concerning  the  origin,  physical 
nature,  the  sources  of  the  major  mineralogical  com¬ 
ponents.  and  the  consolidation  history  of  these  soft 
clays  of  antiquity.  The  mystery  of  red  clays  has  been 
complicated  over  the  years  by  the  elusive  definitions 
of  pelagic  sediments  as  well  as  the  direct  misuse  of 
red  clays  as  a  “type  deposit”  for  pelagic  sediments. 

The  Glossary  of  Oceanographic  Terms  (1966)  de¬ 
fined  pelagic-abyssal  sediments  as  “Deep  sea  sedi¬ 
ments  that  are  free  of  terrestrial  material  except  for  a 
small  protion  of  very  fine  clay.”  The  first  edition  of 
thcGlos.sary  of  Geology  (Gray  and  McAfee  1972)  de¬ 
fined  pelagic  sediments  as  "Deep-sea  sediments  with¬ 
out  terrigenous  material:  they  are  either  inorganic  red 
clay  or  organic  ooze"  but  the  second  edition  defined 
red  clays  as  “A  pelagic  deposit  that  is  fine-grained 
and  bright  to  reddish  brown  or  chtKolate-colored, 
formed  by  the  slow  accumulation  of  material  a  long 
distance  from  the  continents  and  at  depths  generally 
greater  than  .4.500  meters.  It  contains  relatively  large 
proportions  of  windblown  particles,  meteoric  and  vol¬ 
canic  dust,  pumice,  shark  teeth,  whale  carbones, 
manganese  nodules,  and  debris  rafted  by  ice.  The 
contents  of  CaCO,  ranges  from  0  to  ,40%." 

Sverdrup  and  others  (1942)  classified  red  clays  as 
inorganic  pelagic  deposits  and  clearly  differentiated 
them  from  terrigenous  deposits.  These  authors  pointed 
out  that  the  earlier  work  of  Rcvcile  (19.46)  and  Mch- 
mel  (19,49)  demonstrated  the  presence  of  clay  min¬ 
erals  in  seabed  deposits  and  that  "From  this  evidence 
it  would  appear  that  at  least  part  of  the  clay  fractions 
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are  not  formed  on  the  sea  bottom  but  represent  the 
produets  of  subaerial  weathering  carried  into  the  sea 
with  other  terrigenous  debris"  (Sverdrup  and  others 
1942).  It  also  is  interesting  to  note  the.se  author's  fore¬ 
sight  in  regard  to  the  possible  significance  of  wind¬ 
blown  source  material  to  the  sea  in  the  following  pas¬ 
sage:  "Although  the  present  evidence  dtxts  not  preclude 
the  formation  of  some  clay  minerals  from  volcanic 
debris  on  the  sea  bottom,  there  is  considerable  evi¬ 
dence  which  indicates  that  much  of  the  clay  fraction 
found  in  marine  deposits,  both  nearshore  and  pelagic, 
is  of  terrigenous  origin.  The  detection  of  this  finely 
divided  material  in  the  water  and  the  determination  of 
its  distribution  in  the  ocean  waters  will  be  the  con¬ 
clusive  argument  in  ileciding  upon  the  source  of  the 
red  clay  and  the  nonorganic  fraction  of  the  pelagic 
oo/es." 

In  an  extensive  article  on  deep-sea  sediments  by 
Hmiliani  and  Milliman  (1966),  pelagic  sedimentation 
was  defined  as  deposition  consisting  almost  entirely 
of  inorganic  and  organic  particles  settling  from  the 
overlying  water  column  in  contrast  to  deep-sea  sedi¬ 
mentation  which  simply  referred  to  deposition  of  sed¬ 
iments  in  the  deep  sea  which  may  include:  ( 1 )  abyssal 
sedimentation  by  processes  such  as  turbidity  currents, 
and/or  (2)  pelagic  depositional  prcKCsses.  Pelagic  clays 
were  classified  as  either  allogenic  clays  (derived  from 
winds  and  rivers)  or  authigenic  clays  (derived  from 
in  siin  alteration  of  preexisting  material),  however, 
sources  and  origins  were  unknown  (Emiliani  and  Mil¬ 
liman  1966).  These  researchers  defined  red  clay  as  a 
pelagic  sediment  as  follows:  "Red  clays  ctrnsi.st  mainly 
of  a  mixture  of  clay  minerals  and  other  land-derived 
resistates  (some  20  different  mineral  .species),  plus 
volcanic  ash,  cosmic  spherules,  and  up  to  MWt  of  car¬ 
bonate  particles.  The  red  clay  of  the  Stmth  Pacific 
consists  mainly  of  authigenic  clay  minerals  apparently 
produced  by  the  alteration  in  situ  of  volcanic  prod¬ 
ucts”  (Hmiliani  and  Milliman  1966).  Berger  (1978) 
suggested  that  the  main  constituents  of  pelagic  sedi¬ 
ments  are  of  biogenic,  terrigenic,  volcanogenic,  or 
cosmogenic  origin,  and  from  this  definition  a  pelagic 
sediment  is  truly  universal,  especially  in  regard  to  its 
particulate  content,  geochemistry,  and  mineralogy. 

Over  the  years,  studies  related  to  pelagic  sediments 
have  been  associated  mostly  with  the  biogenous  com¬ 
ponent.  The  terrigenous  portion  of  pelagic  sediments 
consisting  of  clay  minerals,  fine  quartz,  and  feldspar 
are  usually  diluted  by  large  amounts  of  biogenic  ma¬ 
terial  generated  in  shallower  ocean  depths  (less  than 
.1.‘i(K)  meters).  Thus  a  difficulty  in  properly  defining 
red  clays  and  their  relationship  with  pelagic  sediments 
arises  from  a  general  misconception  that  pelagic  pro¬ 
cesses  are  the  causal  antecedents  of  red  clays.  Hurther 
confusion  in  defining  pelagic  sediments  results  from 


the  misuse  of  red  clays  as  a  "type  deposit"  and  the 
misunderstanding  of  the  predominant  processes  and 
of  the  origin  of  the  main  constituents  of  red  clays:  e.g. 
quartz,  illitc,  and  smectite  that  make  up  approxi¬ 
mately  80  percent  of  the  particulates  of  the  sediment 
(Bennett  and  others  1985a,  Bryant  and  others  1985). 
Despite  the  long  convoluted  history  of  definitions  of 
pelagic  sediments  and  red  clays  and  their  interrela¬ 
tionship,  a  definitive  link  between  terrigenous  mate¬ 
rial.  windblown  particulates  and  dust,  and  the  origin 
of  red  clays  has  not  been  clearly  established  until  re¬ 
cently  (Bennett  and  others  1985a,  Bryant  and  others 
1985). 

Rcsean  h  Ohjei  li  ve.s 

Sediment  has  been  described  as  a  particulate  multi¬ 
phase  system;  the  particulate  phase  refers  to  the  sed¬ 
iment  (soil)  partieles  or  solids  and  multiphase  refers 
to  a  .system  consisting  of  the  solids  and  a  fluid  phase 
(Lambe  and  Whitman  1969).  More  precisely  how¬ 
ever.  deep-sea  sediment  can  be  described  as  an  or- 
gano-particulate  multiphase  system.  When  sediments 
are  partially  saturated  with  interstitial  water  such  us 
with  many  shallow  water  marine  sediments,  they  can 
be  described  as  an  organo-gas  particulate  multipitase 
sy.stem.  The  organic  phase  is  the  remai' t  and  by¬ 
products  of  biological  activity,  animal  and  plant  de¬ 
bris.  The  surficial  sediments  often  contain  living  or¬ 
ganisms.  animals  and  plants,  ranging  from  micro-  to 
megascopic  in  size.  The  organic  phase  can  impart  a 
significant  inllucnce  on  the  physical  and  biochemical 
properties  of  marine  sediment  (Bennett  and  Nelson 
198,1.  Bennett  and  others  1985b). 

This  study  focuses  on  the  particulate  phase  of  red 
clays  and  consists  of  three  basic  research  objectives. 
The  /tr.v/  objective  was  to  examine  in  detail  the  fun¬ 
damental  nature  of  the  solid  particles  in  terms  of  their 
mineralogy,  morphology,  and  microstructurc  (fabric 
and  physico-chemistry).  The  microfabric  refers  to  the 
orientation  and  .spatial  distribution  and  arrangements 
of  the  particles  and  the  particle-to-particle  relation¬ 
ships  .such  as  the  types  of  particle  contacts  and  as- 
stK'iations  (Bennett  and  others  1977).  The  physico- 
chemistry  pertains  to  the  combined  inlluence  and  ef¬ 
fects  of  the  physical  and  electrochemical  forces  acting 
among  the  solid  particles  within  a  sedimentary  mass 
or  within  a  group  of  particles  as  in  the  case  of  lloc- 
culated  particulates  in  suspension  (Bennett  and  Hul- 
bert  1986).  In  either  case,  sediments  or  suspensions, 
the  particles  arc  under  the  inlluence  of  both  gravity 
and  electrochemical  forces  and  interactions.  The  fab¬ 
ric  and  physico-chemistry  of  fine-grained  geological 
materials  arc  the  fundamental  "building  blocks"  of 
.sediments  and  rocks.  Thus  the  microstructurc  is  the 
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fundamental  property  that  determines  the  ultimate,  or 
basic,  physical  and  mechanical  properties  of  a  sedi¬ 
mentary  mass  or  suspension  and  its  response  to  static 
and  dynamic  forces  (Bennett  and  Hulbert  19X6.  Ben¬ 
nett  and  others  1979). 

The  second  objective  was  to  demonstrate  clearly 
the  genetic  link  between  the  major  mincrulogical 
components  of  red  clay  deposits  and  aeolian  material 
transported  from  continental  sources  using  the  Pacific 
Basin  as  a  model.  Despite  the  numerous  studies  of 
atmospheric  aerosols  and  in  particular  windblown 
particulates,  the  significance  of  the  direct  link  of  these 
materials  with  deep-sea  deposits  has  not  been  ade¬ 
quately  accomplished.  The  first  and  second  objec¬ 
tives.  (the  microfabric,  mineralogy,  and  particle  mor¬ 
phology,  and  the  genetic  link  of  numerous  red  clays 
to  aeolian  transport  processes  were  studied  in  detail) 
were  accomplished  using  techniques  of  Transmission 
and  Scanning  Electron  Microscopy  (TEM  and  SEM). 

The  third  objective  was  to  evaluate  the  consolida¬ 
tion  (compaction)  properties  and  physical  behavior  of 
a  red  clay,  the  Pacific  Ocean  Basin  deep-sea  sediment 
as  a  model.  The  purpose  was  to  characterize  the  phys¬ 
ical  and  mechanical  properties  of  a  red  clay  deposit 
and  to  geotechnically  evaluate  the  significance  of  burial 
diagenesis  and  consolidation  in  terms  of  long  geolog¬ 
ical  periods  of  slow  and  continuous  deep-sea  sedi¬ 
mentation  processes.  Clearly  the  microstructure  plays 
an  important  role  in  determining  the  response  of  the 
deposit  to  quasistatic,  but  continuously  increasing, 
overburden  loads  throughout  geologic  time.  The  mi¬ 
crostructure  largely  controls  important  properties  of 
fine-grained  clays  including  sediment  isotropy/an- 
isotropy.  permeability,  porosity,  and  stress-strain  be¬ 
havior  each  of  which  is  ultimately  tied  to  the  time- 
dependent  consolidation  processes. 

Aeolian  Transport  to  the  Oceans:  Baekftround 

The  importance  of  aeolian  transport  to  the  oceans  was 
recognized  by  Darwin  ( 1 846)  while  sailing  off  the  Cape 
Verde  Islands  in  183.4  when  he  observed  du.st  coming 
from  the  coast  of  Africa.  Darwin's  observations  on 
the  aeolian  transport  process  were  explained  in  the 
statement,  "Finally  I  may  remark  that  the  circum¬ 
stances  of  such  quantities  of  dust  being  periodically 
blown,  year  after  year,  over  so  immense  an  area  in 
the  Atlantic  Ocean  is  interesting,  as  shown  by  how 
apparently  inefficient  a  cause  a  widely  expanded  de¬ 
posit  may  be  in  Ihe  process  of  formation." 

A  century  later.  Grim  and  others  (1949)  recognized 
the  presence  of  quartz,  and  the  general  clay  mineral 
constituents  in  marine  sediments  off  the  California 
coast.  Rex  and  Goldberg  (1958)  studied  the  quartz 
content  of  pelagic  clays  from  the  Pacific  Ocean  and 


showed  a  marked  latitudinal  dependence  with  a  max¬ 
imum  around  30°N.  Their  evidence  indicated  that  the 
quartz  was  mainly  transported  to  the  oceans  through 
the  atmosphere.  The  distribution  appeared  to  be  re¬ 
lated  to  latitude  as  determined  from  the  values  of  at¬ 
mospheric  wind  lluxes  and  exposed  land  areas. 

Heath  (1969)  found  that  the  northern  equatorial 
Quaternary  deposits  in  the  Pacific  Ocean  are  domi¬ 
nated  by  windblown  continental  debris  rich  in  quartz 
and  illite  derived  from  northern  hemisphere  perigla- 
cial  loess  deposits.  He  attributed  the  nonbiogenic 
mineral  phase  of  the  modem  equatorial  Pacific  deep- 
sea  sediments  to  three  principle  sources;  “continen¬ 
tal,"  "oceanic."  and  “island  arc."  Each  source  con¬ 
tributed  different  minerals  as  follows:  illite.  quartz, 
and  alkali  feldspar  (continental);  smectite  in  early  and 
middle  Tertiary  .sediments  (oceanic):  and  chlorite  and 
pyroxene  (island  arc). 

A  study  of  atmospheric  dust  from  the  snowfields  of 
Antarotica  and  Greenland  showed  that  25  to  75  per¬ 
cent  of  the  dctrital  material  of  the  South  and  North 
Pacific  sediments  were  from  atmospheric  fallout  with 
the  predominant  constituents  quartz  and  illite  (Win- 
dom  1969).  During  the  late  196()s.  data  were  accu¬ 
mulating  from  not  only  deep-sea  sediment  studies,  but 
also  atmospheric  aerosol  investigations  that  provided 
mounting  evidence  that  ocean  basin  deposits  distant 
from  continental  land  masses  were  indeed  composed 
of  significant  contributions  of  terrigenous  particu¬ 
lates.  This  "picture"  began  to  unfold  as  evidenced  by 
sediment  distribution  maps  of  the  world  ocean  basins 
(Rateev  and  others  1969).  Noteworthy  is  the  obser¬ 
vation  that  the  highest  concentrations  of  illite  in  the 
less  than  2  pm  size  fractions  coincide  with  the  oc¬ 
currence  of  red  clays  in  the  North  Pacific,  North 
Atlantic,  and  South  Indian  Oceans  (Fig.  I).  Potas¬ 
sium-argon  absolute  age  determinations  of  the  illite 
minerals  from  the  Antarctic  regions  proved  to  be  con¬ 
siderably  older  ( 100  to  500  million  years)  than  the  age 
of  the  ocean  basin  sedimentary  deposits. 

Later  studies  supported  the  general  conclusions  that 
fallout  from  windblown  du.st  was  a  significant  factor 
in  the  dcpositional  proces.ses  and  accumulation  of  deep- 
sea  sediments  (Hein  and  others  1979,  Janecek  and  Rea 
1982,  Leinen  1985,  Windom  1976).  The  identifica¬ 
tion  of  specific  detrital  particles  versus  authigcnic 
minerals,  however,  had  not  been  accomplished.  This 
was  clearly  borne  out  by  the  work  of  Windom  (1976) 
in  his  conclusion  that  continentally-derivcd  mont- 
morillonitc  was  analytically  indistinguishable  from  its 
authigenic  counterpart  which  originates  from  sub¬ 
marine  weathering  processes. 

The  lack  of  a  conclusive,  identifiable,  link  between 
deep-sea  minerals,  specifically  the  dctrital  compo¬ 
nents  of  red  clay,  and  aeolian  particulates  was  due  to 
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Figure  1.  mile  conccniralion  in  the  <2  ^lm  size  traction  of  sciliments  in  the  World  Ocean.  Modified  from  Windom  (1976). 


several  factors.  Prospero  attributed  a  lack  of  interest 
in  aeolian  transport  of  sediments  to  the  oceans  to  the 
fact  that  transport  processes  are  not  amenable  to  .study: 
the  winds  are  by  their  very  nature  ephemeral  and  elu¬ 
sive  (Prospero  1981).  Not  only  are  the  transport 
mechanisms  ephemeral  and  elusive,  but  also  the  sed¬ 
iments  likewise  are.  Volcanic  material  converts  to  the 
mineral  smectite  and  other  authigenic  minerals  in  silu 
and  could  not  be  identified  as  to  their  origin  on  the 
basis  of  established  analytical  techniques.  Essentially 
the  only  indicators  of  a  terrigenous  source  was  pos¬ 
sible  with  quartz,  but  even  quartz,  once  as.sumed  to 
be  only  detrital  in  origin,  has  an  authigenic  counter¬ 
part  (Aoyasi  and  Kazama  1980,  Calvert  1977,  Riech 
and  Von  Rad  1979,  Von  Rad  and  others  1978).  Most 
diagenetic  quartz  is  easily  identified  as  beds  or  nod¬ 
ules  of  chert  or  porcellanite  (Lener  and  McCave  1983). 

The  one  fact  that  has  been  established  from  the  var¬ 
ious  studies  of  ocean  basin  sediments,  and  more  spe¬ 
cifically,  the  Pacific  Ocean  Basin,  is  that  quartz  par¬ 
ticles  found  in  the  red  clay  are  of  aeolian  origin.  The 
clay  minerals  illite  and  kaolinite  also  are  considered 
to  be  fallout  products  of  wind  transport  processes.  This 
concept  has  been  inferred  by  the  association  of  the 
clay  minerals  with  the  quartz.  The  clay  mineral  smec¬ 
tite  in  the  red  clays,  however,  has  been  associated 
with  authigenic  proces.ses  and  could  not  be  differen¬ 
tiated  from  terrigenous  smectite.  Until  recently,  no 
other  character  or  techniques  except  age  could  be  used 
as  “signatures"  or  “fingerprints"  to  identify  the  origin 
of  the  clay  minerals  associated  with  red  clays  (Ben¬ 
nett  and  others  1985,  Bryant  and  others  1985). 


Red  Clays  of  the  Northwest  Pacific  Basin:  A 
Model 

The  physical  nature  (mineralogical,  morphological, 
and  microfabric)  origin,  and  consolidation  (compac¬ 
tion)  characteristics  of  red  clay  recovered  by  high 
quality  coring  in  the  Northwest  Pacific  Ocean  was 
studied  in  detail  and  used  as  a  model  for  other  sub¬ 
marine  sediment  deposits.  Studies  of  sediments  from 
other  geographic  locations  and  geological  environ¬ 
ments  were  incorporated  in  this  investigation  where 
appropriate.  A  dedicated  core  was  recovered  from  Hole 
576A  (Initial  Reports  Deep  Sea  Drilling  Project  86) 
for  detailed  geotechnical  investigations  and  the  data 
generated  from  a  study  of  this  core  was  used  exten¬ 
sively  in  this  article.  The  rationale  for  collecting  cores 
at  Hole  576A  was  to  analyze  a  deep-sea  deposit  rep¬ 
resentative  of  a  very  slowly-deposited  clay,  far  re¬ 
moved  from  continental  land  masses  in  water  depths 
of  approximately  6000  m,  and  free  of  calcium  car¬ 
bonate  and  associated  biogenic  components. 

The  red  clay  deposit  was  to  be  a  standard  for  com- 
pari.son  with  all  other  marine  sediment  geotechnical 
investigations.  The  North  Pacific  red  clay  was  chosen 
as  a  standard  under  the  assumption  that  the  deposit 
would  represent  a  normally  consolidated  clay  section 
occurring  in  the  world’s  oceans.  Sedimentation  pro¬ 
gressed  very  slowly  over  geological  time  by  particle- 
to-particle  deposition  in  a  stable,  low  energy  environ¬ 
ment  where  erosion  and  processes  of  mass  movement 
and  instability  were  absent,  A  total  of  65.9  m  of  core 
was  recovered  at  Hole  576A  (Fig.  2).  The  sediments 
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Figure  2.  Localiitn  of  Silo  57ft.  Ift3  and  CiPC-3.  The  line  emanating  fnmi  Site  576  is  the  backtrack  path  along  which  the  site  traveled 
during  scalloor  spreading.  The  points  along  the  path  mark  5  m.y.  intervals.  This  path  was  delcrniined  using  methods  developed  by  Jarrard 
and  Clague  ( 1^77)  and  by  examination  of  the  path  and  age  of  the  Hawaiian-Emperor  seunn>unts  (Clague  and  Jarrard  1973). 


recovered  represented  a  depositional  history  extend¬ 
ing  front  the  present  Ht  Cretaceous  time,  a  period 
greater  than  70  million  years.  Results  from  DSDP  Hole 
576A  sediments  represents  the  most  complete  geo¬ 
technical  data  set  ever  compiled  for  a  continuous  de¬ 
positional  sequence  spanning  this  time  period.  Geo¬ 
technical  analyses  include  index  property  and  sediment 
characterization,  consolidation,  permeability,  and 
triaxial  testing.  Kxcellent  agreement  exists  between 
data  generated  in  the  multidisciplinary  and  multila¬ 
boratory  effort  (Initial  Reports  Deep  Sea  Drilling 
Project  86). 

Three  well-defined  units  that  conform  with  major 


lithological  divisions  were  delineated  on  the  basis  of 
sediment  characteristics  and  index  properties.  Data 
within  the  red  clay  subunit  lA  appear  inconsistent  with 
accepted  geotechnical  relationships  such  as  water 
content,  plasticity,  and  grain  size  increases  over  sim¬ 
ilar  intervals;  an  atypical  relationship.  These  unusual 
relationships  were  attributed  to  the  presence  of  silt- 
size  bonded  clay  aggregates  (Initial  Reports  Deep  Sea 
Drilling  86).  In  subunit  IB  the  properties  become  more 
uniform  and  show  a  marked  increase  in  x-ray  amor¬ 
phous  material  below  28  m  subbottom.  A  dramatic 
change  in  the  geotechnical  behavior  of  the  sediments 
from  Hole  576A  occurs  in  unit  II  which  corresponds 


Cico-Marinc  Letters 


l‘M 


W  ttiv"  1  tciiw  ?s  ■*4'  \  \  sTge  prtWk*.  sM' 

the  analyses  in  this  article  addresses  issues  relating  to 
observed  inconsistent  geotechnical  relationships.  This 
investigation  has  placed  emphasis  on  the  i.ssues  con¬ 
cerning  the  consolidation  history  and  physical  char¬ 
acteristics,  microfabric,  and  origin  of  red  clays  from 
the  Northwest  and  Central  Pacific  Ocean  Basin, 

Sediment  Samplinf; 

Hole  sediment  (Fig.  2)  was  recovered  from  a 
position  of  .^2“  21.,FS'N.  164’  l6..‘i2'H  and  a  water 
depth  of  6218  meters.  Seven  cores  penetrated  65.7  m 
of  sediments.  The  cores  were  recovered  by  use  of  a 
high  quality  hydraulic  piston  corer,  stored  vertically 
after  recovery,  and  shipped  to  shore-based  laborato¬ 
ries  for  geotechnical  studies.  Companion  cores  taken 
at  Holes  576  and  576B  were  used  to  determine  the 
lithology  and  age  of  the  sediments  at  Hole  576A. 

l. itholofiie  Deseriptitm 

The  sediments  at  floles  576  and  576B  (Fig.  3)  con¬ 
sisted  of  three  lithologic  units.  Subunit  lA  (0  to  28 

m.  contact  is  gradational  over  several  meters)  is  a  yel¬ 
lowish  brown  to  brown  pelagic  clay  of  PlitKcne  and 
Quaternary  age  (based  on  paleomagnetics).  The  sedi¬ 
mentation  rate  decreases  from  10  m/million  years 
(m.y.)  in  the  Brunhes  Kpoch  to  less  than  .3  m/m.y. 
at  the  base  of  the  Matuyama  Kpoch.  Based  on  earlier 
studies  and  the  abundance  of  silt-si/ed  quart/,  the  unit 
is  largely  of  aeolian  origin  (Initial  Report  Deep  Sea 
Drilling  Project  86). 

Subunit  IB  (28  to  55  m)  is  a  dark  brown  “slick” 
pelagic  clay,  /eolithic  in  part.  This  material  is  ex¬ 
tremely  homogenous,  very  fine-grained,  and  man¬ 
ganese  rich.  Based  on  continuous  deposition,  the  av¬ 
erage  sedimentation  rate  decreased  from  about  I  m/ 
m.y.  during  the  late  Neogene  to  about  0.35  m/m.y. 
at  about  40  m.y.  ago,  before  increasing  to  0,6  m/ 
m.y.  (uncorrected  for  compaction)  during  the  late 
Cretaceous,  By  analogy  with  similar  North  and  South 
Pacific  pelagic  clays,  it  is  inferred  that  this  subunit 
contains  a  large  authigenic  component. 

Lithologic  Unit  II  (55  to  65  m  subbottom)  is  an 
interbedded  dark  brown  pelagic  clay  similar  to  Sub¬ 
unit  IB  and  it  is  interbedded  with  a  pale  brown  nan- 
nofossil  oo/.e  of  Campanian  age.  At  the  base  of  the 
unit,  the  clay  layers  also  include  pink  bands  and  mot¬ 
tles,  .Several  of  the  carbonate  layers  arc  graded  and 
have  sharp  erosional  basal  contacts;  these  arc  turbi- 
dites.  Other  layers  may  be  pelagic.  The  ab.sencc  of 
microfossils  younger  than  Campanian  age  and  the  re¬ 
sults  of  earlier  DSDP  drilling  in  this  region  suggest 
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are  essentially  contemporaneous.  Whether  the  car¬ 
bonate  rellccts  enhanced  biogenic  deposition  due  to 
higher  productivity  (at  the  lower  latitude  of  site  70 
m.y.  ago)  or  to  lluctuations  in  the  carbonate  com¬ 
pensation  depth  (CCD)  is  unclear  (Heath  and  Burckle 
1085). 

Additional  samples  were  obtained  from  Site  GPC- 
3  (Fig.  2)  at  30°  I05'N  and  158°W  in  61(K)  m  of  water. 
It  is  approximately  3.5(K)  km  due  east  of  Hole  576A. 
The  sediments  at  Site  GPC-3  consisted  of  26  meters 
of  material  similar  to  that  recovered  at  Hole  576  and 
covered  the  same  time  interval  from  the  Holocene  to 
the  Upper  Cretaceous.  Samples  at  Site  GPC-3  were 
recovered  using  the  Giant  Piston  Corer  and  various 
box  cores.  At  both  sites  the  sediments  cored  rested 
upon  oceanic  crustal  basalts. 


Quantitative  clay  mineralogy  results  on  sediments  ob¬ 
tained  with  piston  cores  close  to  Holes  576  and  576A 
are  consistent  with  known  clay  mineral  distribution 
patterns  in  the  North  Pacific  (Griffin  and  others  l%8. 
Heath  and  Pisias  1979,  Leinen  and  King  1985).  Lei- 
nen  and  King  reported  data  from  samples  located  at 
the  Brunhes/Matuyama  boundary  (ranging  in  sub- 
bottom  depth  from  3.84  to  5.02  m)  within  10^  km’ 
area  around  Hole  576  and  found  virtually  no  variation 
in  the  <20  pm  opal-free  mineral  assemblage.  Illite  is 
the  dominant  clay  mineral  (=.39  percent)  with  lesser 
amounts  of  chlorite  (  =  19  percent)  and  minor  amounts 
of  kaolinite  and  smectite  (=10  percent).  Detailed 
downcore  clay  mineral  analysis  on  a  piston  core  lo¬ 
cated  approximately  10  km  from  Hole  576  shows  a 
slight  increase  in  smectite  (=5-6  percent  to  =12-15 
percent)  and  decrease  in  chlorite  (  38  percent  to  =20- 
25  percent)  with  depth  to  12  m  subbottom.  Leinen 
and  King  (1985)  indicate  these  subtle  changes  suggest 
either  a  change  in  the  weathering  regime  in  the  con¬ 
tinental  aeolian  source  areas  or  a  change  in  the  dom¬ 
inant  wind  patterns  that  transport  the  aerosol  minerals 
to  the  Northwest  Pacific. 

Preliminary  clay  mineral  analysis  on  Hole  576A 
sediments  have  emphasized  sediments  in  subunit  IB 
below  .30  m  (Table  I,  M.  Leinen.  personal  commu¬ 
nication  1985).  Results  from  one  near-surface  sample 
obtained  within  subunit  lA  are  very  similar  to  the  pis¬ 
ton  core  mineralogical  results  summarized  above,  ex¬ 
cept  for  a  slightly  higher  illite  component  (50  percent 
as  opposed  to  .39  percent)  and  a  lower  kaolinite  com¬ 
ponent  (trace  amounts  as  opposed  to  10  percent).  Us¬ 
ing  a  talc  internal  standard,  clay  mineral  results  from 
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Hgurc  3.  Lithology  and  clay  mineralogy  of  Httics  576  and  576B  plotted  versus  depth  below  the  sealloor  (Lenolre  1985). 


subunit  IB  indicate  that  the  single  most  important  fac¬ 
tor  influencing  the  mineralogy  is  the  pronounced 
downhole  increase  in  the  ratio  of  amorphous  to  crys¬ 
talline  material.  This  increase  is  particularly  evident 
below  45  m  subbottom  (Table  I )  and  is  attributed  in 
part  to  a  probable  increase  in  the  amount  of  iron  ox¬ 
ides  and  manganese  oxides  present.  The  majority  of 
x-ray  amorphous  material  is  a  very  fine-grained  clay 
with  insufficient  crystal  size  to  produce  good  diffrac¬ 
tions.  Another  possible  cau.se  contributing  to  this 
marked  increase  in  x-ray  amorphous  material  is  the 
effects  of  grain  size  on  the  standardization  procedure 
(M.  Leinen,  personal  communication  1985). 

Mincralogical  analyses  of  Hole  576A  sediments  used 
for  consolidation  testing  at  Texas  A&M  University  re¬ 
veal  a  downhole  increase  in  the  relative  percentage  of 
smectite  compared  to  illite  in  the  crystalline  clay-size 


fraction  to  a  depth  of  45  m  subbottom.  However,  the 
much  larger  increase  in  the  amount  of  x-ray  amor¬ 
phous  material  present  in  the  clay-size  fraction  (up  to 
80  percent;  Table  1 )  over  the  same  intervals  would  be 
the  controlling  mincralogical  factor  affecting  the  geo¬ 
technical  aspects  and  consolidation  behavior  of  Hole 
576A  .sediments. 

Schoonmaker  and  others  (1985),  using  material  fmm 
Hole  576,  determined  that  the  average  illite  content 
in  the  upper  29  meters  of  the  hole  was  35.5  percent. 
The  proportion  of  illite/smectite  mixed  layer  present 
was  52  percent  and  the  percent  illite  interlayers  in  the 
mixed  layer  averaged  37  percent.  In  general,  the 
amount  of  total  illite  in  the  upper  portions  of  Hole  576 
was  approximately  54  percent.  Figure  3  shows  the  re¬ 
sults  of  Lenotre  and  others  (1985)  clay  analysis  from 
Holes  576  and  576B.  These  clay  percentages  are  based 
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Table  I.  Mincraloyical  Coiiipiisitum  of  Ht>Ic  576A  Sodiincnts  (M.  Ix’incn.  unpublished  ubservations) 


Core/ 

section 

Depth 

<m) 

Smectite 

t'i) 

llliic 

I'/i  1 

Kuolinite 

Chlorite 

Plugiocluse 

i^i) 

Quart/ 

(V,) 

Ttttal 

('/f) 

Percent 
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on  total  clay  content  rather  than  percent  of  total  sol¬ 
ids.  The  most  striking  feature  of  this  figure  is  the  large 
increase  in  smectite  relative  to  the  other  clays  at  the 
18  and  3.1  to  41  meter  levels  in  Hole  576  and  .35  to 
55  m  level  in  Hole  576B. 


Quartz 

Lcincn  (1985)  measured  the  quartz  content  and  de¬ 
termined  the  mass  accumulation  rate  for  sediments  of 
Hole  576A.  The  results  are  presented  as  a  function  of 
depth  along  with  age  in  Figure  4.  Leinen  concluded 
that  the  dramatic  change  in  quartz  accumulation  at  2.5 
m.y.  was  clearly  related  to  a  c/iimiiic  event.  A  grad¬ 
ual  incr'asc  in  quartz  accumulation  through  the  Mio¬ 
cene  and  early  Pliocene  probably  rellected  the  com¬ 
bined  effects  of  increasing  northern  hemisphere  aridity 
and  intensified  atmospheric  transport  activity  asswi- 
ated  with  global  cooling  during  the  interval. 

Microstructure 

The  physical  nature  and  consolidation  behavior  of  the 
red  clays  can  be  best  understood  through  a  knowledge 
of  the  .sediment  microstructure.  Two  fundamental 
properties  of  a  clayey  sediment,  the  fabric  and  phys- 
ico-chemistry,  termed  the  microsinicturc,  strongly 
inlluence  and  largely  control  the  physical  and  me¬ 
chanical  properties  of  a  sediment.  These  important 
properties  include,  but  are  not  limited  to,  water  con¬ 
tent,  porosity,  shear  strength,  permeability,  and  com¬ 
pressibility.  An  insight  into  the  nature  and  effects  of 
the  silt-size  particles  and  clay-sized  aggregates  or  do¬ 
mains  (integral  elements  of  the  microsiructurc)  that 
were  considered  to  exist  in  the  red  clays  can  be  stud¬ 
ied  using  techniques  of  electron  microscopy  (EM).  The 
clay  minerals  and  larger  sized  particles  in  most  sed¬ 
imentary  deposits  are  not  of  the  same  size,  shape,  and 
mineralogy;  these  characteristics  which  are  intimately 
coupled  to  the  microstructure  play  a  significant  role 
in  establishing  the  ultimate  fabric  and  sediment  prop¬ 
erties  at  the  time  of  deposition  and  throughout  the  his¬ 
tory  of  the  deposit  (Bennett  and  others  1977).  An  un¬ 


derstanding  of  clay  microstructure  and  the  methods  of 
analysis  are  important  because  the  results  and  inter¬ 
pretations  have  far-reaching  effects  on  the  fundamen¬ 
tal  conclusions  and  ideas  of  the  basic  origin,  nature, 
and  sources  of  the  red  clays  components.  The  under¬ 
standing  of  clay  microstructure  is  an  important  pre¬ 
requisite  to  an  understanding  of  the  physical  behavior 
of  sedimentary  deposits  in  response  to  static  and  dy¬ 
namic  loads  and  to  variations  in  environmental  con¬ 
ditions  (Bennett  and  others  1977,  Lambe  1958a). 

Phy  wico-chemi.stry  of  Clays 

The  physico-chemistry  of  clays  is  critical  in  deter¬ 
mining  the  clay  fabric  of  a  marine  deposit,  especially 
in  the  early  stage  of  formation  (particles  in  suspension 
and  at  the  depositional  interface).  Detailed  studies  of 
clay  microstructurc  and  its  inlluence  on  the  physical 
properties  of  sediment  have  been  presented  by  Win- 
terkom  (1948).  Bolt  (1956),  Lambe  (1958a!.  I  osen- 
quist(l959.  1962).  Warner  ( 1964).  Buchanan  964), 
and  Ingles  (1968),  Discussions  and  studies  (  ncern- 
ing  the  physico-chemistry  of  clays  and  col  lids  arc 
found  in  Kruyt  (1952)  and  van  Olphen  (19f  3). 

The  physico-chemical  forces  controlling  clay  min¬ 
eral  structure  and  the  initial  framework  of  clay  fabric 
arc  essentially  electrical  in  character.  Suspended  clay 
particles  interact  in  response  to  the  eketrieal  nature 
of  the  particle  surface  and  to  the  c  :ctro-chemical 
characteristics  of  the  surrounding  aq  .cous  medium. 
The  impt'rtant  electrical  forces  are  '  lassified  as  pri¬ 
mary  valence  bonds,  hydrogen  bon'^.s,  van  dcr  Waals 
forces,  and  simple  electrostatic  interactions  (Lambe 
1958b).  The  phyllosiliciate  clay  minerals,  are  com¬ 
posed  of  sheets  (tetrahedral  and  octahedral  coordi¬ 
nation  polyhedra)  generally  in  1-to-l  or  l-to-2  layers 
such  as  one  tetrahedral  sheet  plus  one  octahedral  sheet 
(kaolinite),  or  two  tetrahedral  plus  one  ivtahedral  sheet 
(smectite,  illitc,  and  chlorite).  This  imparts  a  platy  or 
.sheet-like  characteristic  to  many  clay  minerals  and  for 
practical  purposes  they  can  be  considered  as  having 
approximately  a  two  d'  icnsional  shape.  Most  clay 
particles  are  considere  ■  colloids  which  range  in  size 
from  about  I  pm  to  a  small  as  0.001  pm;  however. 
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some  clay  minerals  are  somewhat  larger.  In  some  cases, 
van  der  Waals  forces  and  hydrogen  bonds  hold  the 
two-dimensional  like  clay  mineral  layers  together  to 
form  relatively  thin  particles.  During  llocculation  of 
suspended  clay  particles,  deposition,  and  also  during 
low  pressure  diagencsis,  clay  crystals  are  not  gener¬ 
ally  broken  nor  are  the  clay  layers  separated  (Lambe 
l9.S8a).  The  breaking  of  interlayer  bonds  (absolute 
range  of  pressures  may  vary  for  different  clay  min¬ 
erals)  appears  to  be  indicative  of  the  onset  of  high 
pressure  diagencsis  as  revealed  through  studies  of 
consolidated  kaolinitc  (Cabrera  and  Smalley  1971), 
Electrostatic  forces  involve  attraction  between  op¬ 
positely  charged  entities  and  repulsion  between  sim¬ 
ilarly  charged  ones.  Electrostatic  interactions  are  crit¬ 
ical  in  determining  clay  microstructurc.  particularly 
clay  fabric,  because  clay  particles  carry  a  net  negative 
charge  which  is  large  compared  to  the  particle  mass 
and  the  net  charge  varies  with  the  clay  mineral  type, 
The  small  positive  charge  carried  by  particle  edges 
under  certain  conditions  adds  a  complicating  function 
to  physico-chemical  interaction  (Bennett  and  Hulbert 
1986,  Bennett  and  others  1977,  Thiessen  1942,  Van 
Olphen  196.^,  Yariv  and  Cross  1979), 

Clay  Fabric 

The  early  studies  of  clay  fabric  beginning  with  Ter- 
zaghi  (1925)  and  Gold.schmidt  (1926),  Casagrande 
(1932)  and  Lambe  (1953,  1958b)  provided  the  thru.st 


Hgure  4.  Quart/,  total  sediment 
accumulation  rates  and  age  versus 
depth  downhole  at  Site  57f). 

for  clay  fabric  studies  employing  x-ray  and  high  res¬ 
olution  electron  microscopy  techniques  which  de¬ 
picted  the  actual  arrangements  and  orientation  of  clay 
particles  (fabric) — the  "building  blocks”  of  sediment 
structure.  Clearly  the  previous  section  has  shown  that 
the  physico-chemical  factors  involved  in  the  forma¬ 
tion  of  sedimentary  deposits  cannot  be  divorced  from 
the  ph>  ical  and  mechanical  aspects  for  a  complete 
assessment  of  sediment  formation,  diagencsis,  phys¬ 
ical  properties,  and  fabric  analysis  (Bennett  and  oth¬ 
ers  1977). 

The  importance  of  fabric  in  determining  the  phys¬ 
ical  properties  of  sediments  has  been  firmly  estab¬ 
lished.  The  reader  is  referred  to  papers  by  Mitchell 
and  Houston  (1969),  Houston  and  Mitchell  (1969), 
and  Torrance  ( 1970)  for  further  discussions  concern¬ 
ing  sediment  structure  interrelationships  with  the 
physical  properties.  A  detailed  study  of  bonding  and 
effective  stress  and  strength  of  soil  (Mitchell  and  oth¬ 
ers  1969)  followed  by  later  studies  (Andersland  and 
Douglas  1970,  Mitchell  and  others  1971,  Singh  1970) 
revealed  the  importance  of  these  factors  on  the  mi¬ 
crostructurc  of  sediments,  Olson  and  Mesri  (1970) 
discussed  the  inllucnces  of  both  the  mechanical  and 
physico-chemical  mechanisms  important  in  the  com¬ 
pressibility  of  clays. 

A  few  typical  fabric  types  have  been  classified  as 
honeycomb,  cardhousc,  turbostratic,  bookhousc,  and 
stairstep.  Recently  studies  have  revealed  that  the  sin¬ 
gle  plate  concepts  of  fabric  are  not  wholly  tenable  and 


m 


Gco-Marinc  Letters 


that  the  multiple  unit,  domain-type  f'abrie  is  the  rule 
for  most  sediments  (Bennett  and  others  1977),  The 
variation  in  partiele  size,  shape,  and  eomposition  cou¬ 
pled  with  the  depositional  environment,  physico- 
ehemistry,  transport  mechanisms  and  energies,  and 
changing  environmental  conditions,  all  increase  the 
complexity  of  the  sediment  fabric  for  a  particular  sed¬ 
imentary  deposit.  Only  a  few  studies  of  the  fabric  of 
natural  sedimentary  material  have  been  made,  how¬ 
ever.  numerous  studies  have  dealt  with  the  fabric  and 
engineering  behavior  of  laboratory  prepared  material. 
Qualitative  and  ultimately  quantitative  studies  of  sed¬ 
iment  fabric  and  microstructure  of  naturally  occurring 
sediments  could  lead  to  reliable  predictive  capabilities 
of  the  physical  behavior  of  clay  sediments,  a  clearer 
understanding  of  the  geotechnical  properties,  and  a 
much  better  understanding  of  complex  sedimentolog- 
ical  processes  (Bennett  and  others  1977). 

Microfabric  Techniques 

Critical  Point  Dn  iitu 

Critical  point  drying  has  been  recognized  as  a  nec¬ 
essary  dehydration  method  in  order  to  maintain  the 
particle-to-particle  integrity  and  quality  of  a  clay  sam¬ 
ple  to  be  examined  by  electron  microscopy.  The  crit¬ 
ical  point  method  was  used  extensively  for  biological 
applications  in  order  to  preserve  delicate  membrane 
tissues  for  electron  microscopy  studies  (Hayat  and 
Zirkin  1973).  Oillott  (1969)  succe.ssfully  applied  the 
technique  to  clay  sediment  using  both  alcohol  and  CO;> 
for  critical  point  drying.  Oillott  claims  that  the  ap¬ 
pearance  of  the  fabric  was  identical  in  both  cases.  De¬ 
tails  of  the  critical  point  drying  technique  for  high  pr)- 
rosity,  soft,  submarine  sediments  have  been  thoroughly 
described  by  Bennett  and  others  (1977). 

The  critical  point  technique  is  a  significant  im¬ 
provement  over  other  dehydration  methods  because 
surface  tension  forces  are  avoided.  At  a  critical  tem¬ 
perature  and  pressure  of  a  liquid  no  boundary  exists 
between  the  liquid  and  the  gas  phase,  and  when  the 
temperature  is  held  above  the  critical  point,  the  gas 
may  be  released  until  atmospheric  pressure  is  reached. 
Thus  the  sample  can  be  dried  without  surface  tension 
effects. 

Techniques  Employed  for  the  EMiinitutlion  of 
MicrtisU  ticitire  of  Red  Clays 

The  series  of  techniques  developed  by  Bennett  (1976) 
used  for  sample  preparation  of  the  clay  specimens  for 
the  transmission  electron  microscope  (TEM)  fabric 
studies  are  as  follows: 


1 .  Subsampling  of  sediment  from  core  segments. 

2.  Replacement  of  .saline  interstitial  water  by  a 
series  of  miscible  tluids  (ethyl  alcohol-amyl  acetate). 
Complete  removal  of  interstitial  water  checked  by  the 
silver  nitrate  test  (precipitation  of  silver  chloride). 

3.  Careful  wrapping  of  small  specimens  in  thin 
lens  paper. 

4.  Further  soaking  of  lens  paper  and  specimen  in 
amyl  acetate. 

5.  Placement  rtf  wrapped  specimens  into  the  crit¬ 
ical  prtint  chamber. 

6.  Purging  of  the  specimen  with  liquid  CO,  re¬ 
placing  amyl  acetate. 

7.  Critieal  point  drying  with  CO,. 

8.  Placement  of  dried,  wrapped  specimens  into 
small  individual  desiccators. 

9.  Embeuding  of  individual  specimens  under  vac¬ 
uum  with  a  very  low  viscosity  epoxy  resin  (SPURR). 

10.  Removal  of  specimens  from  the  vacuum  and 
subsequent  curing  of  the  epoxy  resin  at  60°  to  70°  C. 

1 1 .  Trimming  of  the  specimens  with  glass  knives 
prior  to  ultrathin  sectioning.  Larger  specimens  were 
trimmed  with  a  jeweler's  saw  prior  to  trimming  with 
a  glass  knife. 

12.  Ultrathin  sectioning  with  a  diamond  knife  (sec¬ 
tions  cut  approximately  5  X  10  "  to  1  X  10  Sn  thick 
1500  to  I  (KM)  A)  on  a  microtome. 

13.  Placement  of  ultrathin  sections  on  copper  grids. 

14.  Very  light  carbon  "sputtering"  of  ultrathin  sec¬ 
tions  on  grids  in  a  vacuum  evaporator. 

After  the  above  procedures  have  been  accom¬ 
plished  the  specimens  are  ready  for  examination  of 
the  clay  fabric  in  the  transmission  electron  micro¬ 
scope.  Preparation  of  samples  for  SEM  follow  the  same 
dehydration  povedures  ( l-S)  and  samples  arc  mounted 
on  stubs  and  gold-palladium  coated  for  observation. 

SPURR  epoxy  resin  was  used  because  of  its  very 
low  viscosity  (60  cps).  It  has  an  impregnating  advan¬ 
tage  over  ordinary  epoxies  (approximately  2(XM)  cps). 
The  usefulness  and  advantages  of  this  epoxy  have  been 
detemiined  by  experiments  on  various  Mississippi  Delta 
and  DSDP  samples  (Bennett  and  others  1977).  Sub¬ 
marine  .sediment  samples  with  a  high  water  content 
(low  cohesive  strength)  were  found  to  remain  intact 
if  impregnated  while  under  a  vacuum,  but  similar 
.samples  were  found  to  completely  collap.se  if  they  were 
impregnated  at  ambient  pressure  (without  vacuum). 
Samples  having  a  very  complex  fabric  were  found  to 
retain  their  particic-to-particle  structural  integrity 
(Bennett  and  others  1977). 

The  embedding  techniques  used  during  this  study 
were  similar  to  the  methtxis  described  by  Brewer  ( 1964) 
for  impregnating  soil  samples  under  a  vacuum.  Other 
embedding  techniques  for  the  study  of  soils  by  elec- 
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Iron  microscopy  have  been  described  by  Pusch  ( 1966. 
1967,  1968),  Smart  (1967a. b).  O'Brien  (1971),  and 
Poster  and  Pe  ( 1971 ).  A  detailed  investigation  of  im¬ 
pregnating  techniques  was  carried  out  by  Foster  and 
Pe  ( 1971 ).  and  their  results  showed  that  the  observed 
strains  in  the  original  fabric  were  minimal  in  "soft- 
material.  fheir  techniques,  however,  did  not  involve 
drying,  hut  rather  followed  a  series  replacement  of  the 
interstitial  water  by  diffusion  processes  to  a  final 
hardened  resin.  Photomicrographs  of  submarine  sed¬ 
iment  prepared  by  free/e-drying,  embedded  with 
Maraglas  Hpo.xy,  and  subjeeted  to  ultrathin  section¬ 
ing  revealed  detailed,  complex  fabrics  that  appear 
to  he  unaffected  significantly  by  sample  preparatory 
techniques  (Bowles  1968u.h).  'fhe  free/e-drying  tech¬ 
nique  is  time  consuming  and  there  is  danger  of  ice 
crystalli/ation  during  the  process. 

Micrufabric  Analysis 

I'he  clay  fabric  of  an  illite-smectite-rich  marine  sed¬ 
iment  is  depicted  in  Figure  .“i.  The  fabric  shows  that 
the  clays  form  an  open  structure  by  the  face-to-face 
and  edge-to-edge  arrangements  and  buildup  of  clay 
particles,  fhe  resulting  fabric  of  randomly  arranged 


domains  is  typical  of  that  found  in  marine  areas  such 
as  the  Gulf  of  Mexico  (Bennett  and  others  1977, 
Bowles  1968a). 

The  typical  fabric  of  red  clays  recovered  from  Hole 
.‘i76A  and  GPC--4  is  observed  in  Figures  6  and  7.  The 
most  striking  feature  of  this  fabric  is  the  fractured  ap- 
pearanec  of  many  grains  and  the  lack  of  obvious  sup¬ 
port  for  the  large  particles  observed  in  the  thin  sec¬ 
tions.  The  large  grains  are  not  in  close  proximity  to 
each  other;  they  appear  as  if  suspended  in  a  random 
mass  ol  very  fine  particles.  The  large  particles  are 
sill-  and  clay-si/.e  particle  aggregates  (domains).  Fig¬ 
ure  8  shows  the  detailed  nature  of  one  of  these  par¬ 
ticles;  note  the  eoncloidal  fracture  pattern  and  the  stress 
fields  within  the  fractured  pieces.  Observations  of  nu- 
menrus  I'FM  photomicrographs  consistently  reveal  well 
rounded  silt  and  clay  si/e  aggregates  that  are  a  sig¬ 
nificant  contribution  to  the  total  sediment  mass.  SKM 
analysis  (Fig.  9)  clearly  shows  the  well-rounded  na¬ 
ture  of  the  aggregates  with  the  layered  structure  (faee- 
to-face  clay  plates).  The  clay  particles  comprising  the 
aggregates  have  been  well  compacted  prior  to  erosion 
and  removal  from  the  parent  rock.  I'he  high  degree 
of  induration  of  the  aggregates  and  interlayer  bonding 
enables  them  to  become  well-rounded  and  abraded 
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I'lin  l’k'islni.'i.'lk'  k'd  I'kns  In  a  Inpll  di-pk'i.'  nl  ivsin 
Intinn  inci  a  "laipi.'"  Ik'ld  nl  ml'u  I'Aaninialinii  nl 
Ilk'  iikis.ik'  slinns  lli,il  ilk'  laipi'i  nidn  idnal  parlkk's 
liacUnc  III  Ilk'  sank'  dik'nlinn.  Ilk-  Ikklinvd  parlkk's 
allLii  III  Ilk'  sank'  diii.'i.'linn  ii'pardk'ss  nl  ilk'  parlk'k' 
nik'iilalinii  II  nas  di'k'rnnnal  linni  ilk-  dik'ilinti  nl 
Ilk'  knik'  senilis  nil  ilk'  llini  set'linn  llial  ilk'  Irai'lniv 
palk'in  nl  llie  pailK'k's  is  nik'iik'd  nnriii,il  In  llie  di 
tVi'llnll  nl  ilk'  till  nl  ilk'  diaillnlld  klllk' 

\ll  paiHek's  displavnip  llk'se  IraiUik'd  k',ilnk's  lia\e 


\  ol  S.  Ni».  4. 


Kiuuri*  7,  1  I  M  jilmlnmkiojjr.iph  iM  icil  l.ikcn  .ii  I  n)  siibhnn»»in  .it  Siu-  (1|’(  ^  Stiik-  Ikit  I  jini 


hccM  liis;hlii!hli.\l  iiiiil  the  hiiekeroiiiKl  siihiliieil  in  f  it;- 
iirc  14  Sciine  nl  the  leiiliires  tippctir  as  viiitK  havitiL’ 
Dtils  the  remains  nl  several  of  the  Iraeltireil  parts.  As 
ean  he  seen  Irnm  the  liitnre.  the  Iraetureil  partieles 
ecimprise  the  intinirits  (up  tn  70  pereent)  ol  tlie  sed¬ 
iment.  Another  mterestmi;  leature  ol  Ihe  parlieles  is 
that  lhe>  are  all  well  rounded  and  evenls  disperse'd; 
Ihe  observations  ol  hundreds  ol  thin-seetioneil  lields 
reveals  the  laet  that  these  lareer  parlieles  in  eeneral 
are  not  in  eonlael  vvhieh  is  in  part  a  lunelion  ol  lire 
thin  seelionine  proeess, 

Ihe  laet  that  the  parlieles  Iraeture  in  .i  direelion 
normal  to  the  path  ol  the  diamond  knile  iinlieales  that 
Ihe  knile  Iraelured  Ihe  parlieles  rlurine  the  Ihin-sce- 
lioninp  proeess.  lAaminalion  ol  Ihe  inieroloinme  pro¬ 
eess.  however,  reveals  that  Ihe  Iraeliirinp  ol  the  par¬ 


lieles  is  Ihe  result  ol  ihe  benviinp  ol  ihe  seelion  duriit}; 
Ihe  eulline  proeess.  l  iuiire  I.S  displays  the  parlieulars 
ol  the  mierolomint:  process  in  a  jtreally  mapnified 
"view."  A  diamond  knile  which  lorms  a  44  wedpe 
is  oHsel  4  Irom  ihe  plane  ol'  Ihe  moving  block  con¬ 
taining  the  sediment  sample.  As  the  sample  bloek 
moves  past  Ihe  knile.  a  Ihin-seclion  approximately  7(KI 
A  thick  is  cut  by  the  knife.  I  he  knile  is  retained  in  a 
container  called  a  "boat"  which  is  filled  with  an  ap¬ 
propriate  fluid  (usually  water)  upon  which  Ihe  section 
can  float  free  of  Ihe  knife  thus  avoiding  folding  and 
other  forms  ol  disltirbance  due  to  Irielion  alonp  Ihe 
knile  face.  I  he  seelion  experiences  a  minimum  bend 
ol  4K  as  il  is  separtiled  from  Ihe  block  by  Ihe  cullini: 
action  ol  Ihe  knile.  ’fins  bemlinp  aelion  shatters  (he 
brillle  laree  panicles  in  a  eonehoidal  pallern  lypieal 
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of  a  mieroerystalline  material.  Lloiu’ated  thin  parti- 
eles.  whieh  may  he  larjie  flat  particles  seetioneci  on 
end,  tend  to  Iraeture  into  blocky  se{:ments.  This  bend¬ 
ing  and  fraeturinj!  of  the  partieles  explains  the  uni¬ 
form  orientation  of  the  fractured  pieces,  normal  to  the 
direction  of  the  cuttiii!;  knife. 

It  was  determined  by  selected  area  electron  dif- 
Iraction  analysis  that  the  fractured  particles  observed 
in  Lieure  X  are  composed  of  illite  clay.  .Selected  Area 
Diffraction  Analysis  (SAD)  was  performed  with  a  100 
kV  Transmission  Hlectron  Microscope  CI'hM)  on  in¬ 
dividual  mineral  grains.  Utili/ing  the  THM/SAI) 
techniques,  diffraction  patterns  were  obtained  on  pho¬ 
tographic  plates  as  depicted  in  Figure  l(i(A).  Using 
calibration  factors  of  the  TKM  obtained  with  a  min¬ 
eral  standard,  precision  measurements  were  obtained 
from  the  iliffraction  pattern  (column  I  and  2)  and  Miller 
Indices  are  assigned  and  obtained  for  the  various  rings 
which  were  constructed  from  the  original  diffraetion 
pattern  (Column  .“i.  Fig.  Ib(H)).  Hy  comparing  the 
precision  measured  parameters  (column  2)  with  known 
AS  TM  Files  (column  .U.  individual  minerals  can  be 
identified. 

Illite  was  identified  as  a  major  component  of  the 
red  clays.  The  term  "fractillite"  denoting  a  fractured 
illite-rich  shale  or  argillaceous  clast  was  coined  tode- 


Kiijurf  K.  l  liM  |ihiiiiiiiileri>' 
graph  111  a  IraelureU  panicle  in  Ihc 
rci.1  clays  (see  l-'ig.  7).  Niiic  the 
characicnslics  iil  the  I'racluring  ami 
Ihc  slrcss  ticlils  within  ihc  frac 
lurcil  pieces.  Scale  Har  I  gin, 

.seribe  the  unique  features  or  “fingerprint."  The  term 
illite  refers  to  a  nonexpanding,  diolahedral.  alumi¬ 
nous.  potassium  mica-like  mineral  (a  two-to-one  layer 
hydrous  aluminum  silicate)  that  is  a  major  component 
of  shale. 

An  additional  mosaic  of  the  clay  fabric  of  red  clays 
was  cwisirucled  and  depicted  in  Figures  17  and  IX. 
In  almost  all  cases  the  fractured  particles  (fractillites) 
are  well  rounded  and  are  not  in  close  contact  with 
each  other.  In  the  lower  righthand  corner  of  Figure 
17  a  series  of  partieles  is  shown  that  is  different  from 
the  fractillites.  They  consist  of  parallel  laminated  sec¬ 
tions  of  clay  that  have  been  disrupted  by  the  micro- 
(oming  j'rocess.  These  laminated  sections  are  parti¬ 
eles  where  the  clay  layers  are  directly  perpendicular 
to  the  plane  of  the  thin-section. 

Fractillites  found  in  the  thin-sections  make  up  .‘it) 
to  70  percent  of  the  total  Pleistocene  red  clay  sedi¬ 
ment  distribution  at  .Sites  .S76  and  (iPf'-.f  and  are: 

1.  brittle  (fracture  upon  bending  during  the  thin- 
sectioning  process): 

2.  Composed  mostly  of  illite.  possess  2:1  layer  il- 
litc  (selected  area  diffraction  patterns  (SAD)  on  ultra- 
thin  section); 

.L  Well-roundeil: 


( ifo  Milling  I 


•'ll.tU-  tl.klllK'  JllllML'  lllllJlhlll  llOUniL’.  (>lLk\’S  n| 

\lincM.i  Sli.ik’  t.i]i  illiif  i\[v  lurtn.iliofU  uciv  piilviT 
cnilk‘ilik‘i( ,  .iihl  ihin  NLk liinkkl  UMiiL'  Mfuil.ii 
U\lMlk|lkN  .1*'  Il’soil  '»n  ilk’  iLkl  lI.INs  I  fk'  ICMlIls  .nv 
shouii  III  I  ii’tiu-  ]w  Ilk'  ii.itiiiv  tit  iIk'  iKkdiniii* 
^iitii.ilK  i»l<-h:n..il  lo  Ilk'  tiikiillilCN  Imiiiil  in  ifk*  sal 

lllk  llls  .ll  S'lt.  s  ^  ()  .iiul  ( jp(  ^ 

I  \.miiit.i!i'>n  111  M.'ilink'iils  Imm  ilk*  (  cnli.il  l\k.ilit. 
IkiMii  ilic  l.i|Mn  Ilk'  Mill  Xrik'iK'.i  lu’ikli. 


the  (lull  ot  Mexico  .iiul  llie  lioolleueei  (’o\e  (  lax 
alsi»  rexeal  the  presence  t»l  illilie-shale  clasts  in  the 
l<»rm  ol  Iractillites  in  linn  sections,  examples  xxiH  he 
ilhisti.ueci  lalei 

h  atkiMion  l«i  the  illite  clasts  presenl  at  Sues  S7f> 
aiul(ih(  -  k  smectite  lorms  an  meieasmjjlx  important 
constituent  its  amount  me  leases  xx  iiluleplh  lvli>xs  the 
se.illooi  In  the  seilinieiils  ot  iliese  sites  one  loiiii  itt 
siueclite  appears  us  exliemelx  small.  Ileecx  sheets 
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Figure  11.  S.E.M.  photomicrograph  of  an  aeolian  quartz  particle  from  Core  2.  Section  2  (21  m  subbottom)  of  Hole  S76A.  Scale  Bar 
=  10  [im. 


(Figs.  20,  21,  and  22)  which  are  x-ray  amorphous,  and  shales.  The  consolidation  process  begins  at  the 

and  often  form  well  defined  agglomerations.  Consid-  time  of  sedimentation  on  the  sea  floor  and  continues 

erably  lower  percents  of  well  developed  smectite  oc-  throughout  the  history  of  the  deposit, 
cur  in  the  form  depicted  in  Figure  12.  Skempton  (1970)  defined  consolidation  as  the  re¬ 

sult  of  all  processes  causing  the  progressive  transfor- 
Consolidation  Characteristics  mation  of  an  argillaceous  sediment  from  a  soft  mud 

to  a  clay  and  finally  to  a  mudstone  or  shale.  He  sug- 
Consolidation  is  the  primary  form  of  diagenesis  in  gested  that  the  process  of  consolidation  include  inter- 

clayey  marine  sediments.  It  is  the  physical  process  particle  bonding,  desiccation,  cementation,  and  the 

that  converts  high  water  content  muds  into  mudstones  squeezing  out  of  pore  water  under  increasing  weight 


(  It'O  M.IMIK-  I 


Ml  M\i-|l'lllili.-|l  Ilk-  l.llu-l  I'hki'ss.  i.-SM.'llll.lll\  ilk-  K- 
JlkllMIl  m|  |imImmI\  kllll  Ilk  K'.l'-IM;.'  llll[>i«M.'il  liMil.  Is 
ilk-  s.illk-  I'hki.-ss  llkil  Is  Miiiill.ik-d  III  Ilk-  l.ll'i  ir.ilt  i|  \ 
IISIML'  .IN  Mi.-i|M|lk.-k-|  Ilk-  llllk-  l.kiMI  111  ilk-  l.l|-»il;ilii|  \ 
sllkK  m|  ilk-  sMllsnlkl.lllMIl  s  ll.ll.k  k-|  Islk  s  ii|  ,i  sl-Ji 
Ilk-Ill  s,iiM|ik-  ik-vv-ss.ll  ll\  I'li-iluik-s  i.  Imml'i.’s  III  lllk-1 
[i.lllkk-  I'miuIni-'  .IIuI  I.i-Ilk-|II,I||MII  llkll  lll.k  l.lkl-  pkki.- 
-A  nil  llllk-  III  Ilk-  iMliii.il  niiMiMilllk-lil  Mills  Ilk-  IV 
iIlkllMII  III  ilk-  |'li|iis||\  Ml  .1  si.-||lllk-|ll  IllkUl  ,1  kipilIK 
,ip|l|k-|l  111. Ill  III  Ilk-  klllM|.|lM|\  IIIMsI  Ll-Il.lllll)  lllk-s  mil 
ll,l\i-  Ilk-  i-\,kl  s.lllk-  i.-|k-i.l  .IS  i'\IIVIIk-|\  sink,  sun 
llllllMlIs  Im.IiIiM'J  ikilllllllL'  MM-I  ImML'  |K-|I1uIs  nl  Lk’ll 
lii'jk.ll  llllk- 

\ll  II  III  .lllllll  Ss-sIlMlI  III  .III  mil  M||Slllkl.lk-ll  sllk'sllk' 
llllk-  lull  III, II  Ilk-  si-iliiik-nl  dll'  ’M  ii-M-.ils  llkll  Its 
lllk  iMsl  I  Ik  lull-  IS  ,1  ImMsi',  lipill.  I.IIhImIII  .lll.llll't-llk-lll 


mI  p;irlkk-s  |-kniK-  1  slinks  ilk-  nikinsirikliiii.-  nl 
siiinl;il  lii.ik'll.il  sniisnlkl.ik'il  l<>  .ill  iilipnsikl  Inikl  nl 
Slid  Isl’.i  Ilk-  likkIiiiL'  k-siilk-il  111  :i  llllkll  ik-lisi-i  pmls 
inn  nl  pmlkk-s  mill  ii  k-ikk-|k>  Ini  ilk'  pmikk's  In  Ik- 
nncilk'd  III  p.k-ks-ls.  sunk-  k  illiniil  ,i  Innli  ik-niVf  nl 
pa-lcn-cil  nik-illiilinn  .Slinlk's  Ii.im-  slink  ii  llkll  siiiiil.ii 
nik'iikilinii  is  nlilmik’il  III  Ikilliu-  ill  s-i{lllMik'liI  III  Mill 
pu-ssllK's  I  Hs'lllk-ll  .llkl  nllk-l  s  1  d77.  Iir\ .ml  lllkl  nllk-rs 
IdSli  I  veil  Uilli  Ilk'  si-Ss-K-  linilllllinn  nl  ivilnllk-kl 
k-sliil'J  .llkl  ilk-  inipnssihilils  nl  nhl.nillllp  lulls  lllklls 
liillk-il  s.iniplcs  III  llinsi  iiiss-s  in  ilk-  .iK-.is  sn\i'ri.-il  h\ 
ilk-  knrltl's  nss'iills.  .ill  s-\liniln.lllnn  nl  ilk-  k'slllls  nl 
Sikh  k'sliilL'  IS  Ik-lpllll  111  LMIIIIIIL’  insiL'llI  niln  ilk'  pm 
I'l'ss  nl  s'niisniki.ilinii  .mil  ilk'  |k'rilk'nhllll\  .mil  pnrns 
ll\  ik'plll  k'killnllsllip  nl  llkll  Ilk'  I'l.is  s  I  Ur\  .ml  .llkl  nil] 
I'Is  Ids  I  1 
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Figure  13,  Mosaic  of  T.E.M. 
photomicrographs  of  red  clay  fnmi 
Site  GPC-.^  (1  m  subboitom).  Seale 
Bur  =  5  urn. 


Figure  14.  Mosuic  of  T.E.M. 
photomicrographs  (same  field  us 
Fig.  13)  with  fractured  panicles 
highlighted  and  the  supponing  ma¬ 
trix  background  subdued.  Arrow 
points  to  fractured  panicle.  Seale 
Bar  =  5  p.m. 
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9  I  ?  i  1  ^ 

(^Jm) 


Top  ol  Cuttmy  Boat 


Flgure  15.  Diagram  illustrating  the  mechanics  of  the  thin-sec¬ 
tioning  process  used  for  this  study.  Note  the  bend  in  the  thin-sec- 
tion  as  it  is  cut  by  the  diamond  knife. 
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Figure  16.  lilitc  identification  using  Selected  Area  Diffraction  (SAD):  (A)  A  T.E.M.  micrograph  of  polycrystalline  illitc;  (B)  Drawing 
of  the  ring  pattern  with  their  indexed  Miller  indices  (hkl);  (C)  Table  showing  the  less  than  69(  deviation  from  the  measured  diameters 
of  the  unknown  sample  and  the  ASTM  file  values. 
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Figure  17.  Mosaic  of  T.E.M. 
pholomicrographs  of  red  clay  from 
Core  2.  Seclion  2  (21  m  subbot- 
lom)  of  Hole  .S76A.  Scale  Bar  =  5 
(im. 


Previous  Studies  on  Consolidation  of  Marine 
Sediments 

Early  tnarine  sediment  consolidation  studies  of  a  red 
clay  environment  were  performed  by  Hamilton  (1964) 
on  samples  obtained  during  the  MOHOLE  Project.  His 
results  represent  the  first  attempt  to  evaluate  the  re¬ 
duction  of  void  ratio  or  porosity  as  sediments  become 
increasingly  buried.  Later,  Richards  and  Hamilton 
(1967)  reported  on  the  findings  of  the  MOHOLE  in 
a  comprehensive  volume  on  marine  geotechnology. 
These  two  studies,  based  on  somewhat  disturbed  sam¬ 
ples,  point  to  a  sediment  having  an  open,  porous 
structure  resistant  to  collapse  under  loads  in  excess  of 
the  overburden  stress.  The  state  of  consolidation  was 
concluded  to  be  one  of  apparent  overconsolidation  in 
the  upper  sedimentary  column  and  progressing  down¬ 
hole  into  a  normal  to  underconsolidated  unit.  The  rea¬ 
son  given  for  the  phenomenon  of  overconsolidation  is 
that  of  probable  interpartical  bonding  through  chem¬ 
ical  cementation,  although  this  effort  was  not  at  all 
visible  or  confirmed. 

Analysis  of  laboratory  and  field  consolidation  curves 


by  Richards  and  Hamilton  (1967)  resulted  in  ambi¬ 
guity  regarding  compression  indices.  The  compres¬ 
sion  index  (C,)  is  a  measure  of  the  change  in  void 
ratio  with  respect  to  change  in  effective  stress  along 
the  natural,  or  virgin,  consolidation  curve.  Laboratory 
values  for  this  measure,  C,.,  resulted  in  0.77  to  0.90, 
whereas  a  field  estimate  of  C,.,  corrected  for  rebound, 
was  computed  at  2.1.  The  reason  this  difference  ex¬ 
ists  was  not  explained. 

Bryant  and  others  (1967)  published  the  results  of 
an  extensive  examination  of  consolidation  character¬ 
istics  of  Gulf  of  Mexico  sediments.  The  surficial  .sed¬ 
iments  were  found  to  be  normally  consolidated  but 
the  sediments  3  meters  below  the  seafloor  were 
under-consolidated.  De'*lache  and  Bryant  (1970)  and 
Delflache  and  others  (1971)  analyzed  a  series  of  ma¬ 
rine  sediments  and  concluded  that  the  physical  be¬ 
havior  of  marine  clays  differed  from  those  ordinarily 
observed  in  clay  soils  on  land. 

Trabant  and  others  (1975),  Shephard  and  Bryant 
(1980),  Shephard  and  others  (1982),  Shephard  and 
Bryant  (1983),  and  Taylor  and  Bryant  (1985)  exam¬ 
ined  the  physical  properties,  primarily  the  consoli- 
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Figure  18.  Mosaic  of  T.E.M. 
photomicrographs  shown  in  Figure 
17  with  the  fractured  particles 
highlighted  and  the  background 
subdued.  Scale  Bar  =  5p.m. 


dation  characteristics,  ot  Pacific  Marine  sediments, 
Sediments  in  the  Middle  America  and  Japan  Trench 
were  underconsolidated  while  sediments  of  the  Wash¬ 
ington  continental  margin,  Aluetian  Trench,  and  Nan- 
kai  Trough  were  overconsolidated.  The  consolidation 
characteristics  were  associated  with  the  type  of  sub- 
duction  of  oceanic  sediments. 

Keller  and  Bennett  (1973)  analyzed  red  clays  from 
the  Northeastern  Equatorial  Pacific  recovered  during 
DSDP  Leg  16.  The  red  clays  were  zeolithic  and  lim¬ 
ited  to  the  upper  10  to  30  meters.  Two  consolidation 
tests  were  performed  within  the  red  clay  material  and 
yielded  results  similar  to  the  MOHOLE  results  men¬ 
tioned  above  in  that  the  clay  displayed  apparent  over- 
con.solidation  in  the  upper  section  but  normally  con¬ 
solidated  with  depth.  Again,  incipient  cementation  is 
called  upon  as  the  responsible  agent  for  this  state.  Once 
again,  though,  the  disturbance  caused  by  drilling 
techniques  casts  a  question  on  the  accuracy  of  these 
findings. 

Bryant  and  others  (1975)  and  Bryant  and  others 
(1981)  examined  the  available  data  on  the  shear 
strength,  consolidation,  porosity,  and  permeability  of 
(Keanic  sediments.  Their  main  contribution  was  the 


association  of  permeability  and  porosity  of  marine 
sediments.  The  iinderconsolidated  conditions  found  in 
a  large  portion  of  oceanic  sediments  were  correlated 
with  very  low  permeabilities  that  ranged  from  k  — 
10  to  10  '"’  cm/sec. 

Recent  studies  in  red  clays  conducted  for  nuclear 
waste  disposal  programs  in  the  Northwestern  Pacific 
have  been  published  by  Walker  (1981)  and  Dadey 
(1983),  These  two  theses  present  the  results  from  pis¬ 
ton  core  sampling  and  the  latter  includes  DSDP  Site 
576  data.  The  outcome  of  these  studies  reiterates  the 
overconsolidated  nature  of  the  upper  section  of  the 
red  clay  column  and  the  present  study  now  addresses 
the  possible  reasons  for  this  observation. 

Theory  of  Consolidation 

Complete  discussions  of  the  theory  of  consolidation 
are  presented  by  Taylor  (1948),  Terzaghi  (1956), 
Means  and  Parcher  ( 1963),  and  Znidarcic  and  Schiff- 
man  (1983),  and  only  a  brief  summary  will  be  pre¬ 
sented  here. 

The  consolidation  of  marine  sediment  involves 
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drainage,  compression,  and  stress  transfer  under  static 
loading.  When  a  load  is  first  applied  to  a  saturated 
sediment,  the  pore  water  carries  the  load.  As  water 
leaves  the  void  spaces,  the  lo^  :  is  transferred  to  the 
sediment  structure.  This  application  of  load  to  the 
mineral  grains  will  cause  loss  of  free  water  and  ad¬ 
justment  of  the  grains  to  a  more  compact  structure. 

The  relationship  between  the  amount  of  solid  ma¬ 
terial  and  the  void  spaces  is  expressed  by  cither  the 
void  ratio  (e)  or  the  porosity  (n).  Porosity  is  the  ratio 
of  the  volume  of  void  space  (V,)  to  the  total  volume 
(Vr)  of  a  sample,  n  =  VjVj.  The  void  ratio  is  defined 
as  the  ratio  between  the  volume  of  void  space  and  the 
volume  of  solid  material  (V,),  e  =  V^/V,.  Since  the 
total  volume  is  equal  to  the  volume  of  voids  plus  the 
volume  of  solids,  porosity  may  be  written  as  n  =  e/ 
(1  +  e).  The  consolidation  of  a  sediment  will  result 
in  a  loss  of  void  space.  In  a  test  situation,  the  di¬ 
ameter  of  the  core  sample  is  fixed,  and  the  change  in 


void  ratio  can  be  measured  by  a  decrease  in  sample 
height. 

The  change  in  sample  height  resulting  from  an  ap¬ 
plied  load  in  an  uedometer  is  plotted  against  the  log 
of  elapsed  time  to  form  a  compression  curve  (Fig. 
25).  These  curves  have  two  straight-line  segments 
which  reflect  different  stages  of  consolidation  as  de¬ 
termined  by  the  rate  of  compression. 

1 .  Primary  consolidation,  rapid  compression  dur¬ 
ing  which  free  water  is  forced  out  of  the  sediment  and 
measureable  pore  pressure  exist. 

2.  Secondary  consolidation  ensues  when  ptrre  water 
pressure  is  virtually  absent  and  the  microstructurc  car¬ 
ries  the  imposed  load.  At  very  high  loads  and  low 
void  ratios,  secondary  consolidation  may  result  in  the 
removal  of  chemically  bound  viscous  water  from  the 
structure  and  realignment  of  the  mineral  grains. 
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Figure  20.  T  B.M.  photomicro¬ 
graph  of  x-ray  amorphous  smcclilc 
found  in  Core  2.  Section  2  (21  m 
subhottom)  from  Hole  .S76A.  Seale 
Bar  =  I  pm. 


The  intersection  of  the  two  straight,  slope  lines  de¬ 
termines  the  theoretical  point  of  I009{  primary  con¬ 
solidation.  The  change  in  void  ratio  resulting  from  any 
given  load  increment  can  be  calculated  from  the  total 
change  in  sample  height  at  the  point  of  I009f  primary 
cemsolidation.  A  plot  of  the  calculated  void  ratio  for 
100%  primary  consolidation  for  each  load  is  plotted 
to  form  a  void  ratio-log  of  effective  stress  (e-log  rr') 
curve.  Bach  sample  tested  will  have  a  unique  curve 
similar  to  that  in  Figure  26.  This  type  of  curve  is  used 
in  interpreting  the  consolidation  history  of  the  sample 
and  is  the  basis  for  geological  interpretations  of  the 
consolidation  test  results. 

Since  the  sample  has  been  under  load  in  nature,  the 
initial  part  of  the  e-log  o'  curve  (B  to  B')  represents 
reloading  and  is  essentially  horizontal  for  a  small  seg¬ 
ment  (Fig.  26).  The  sediment  supports  this  reloading 
stress  without  significant  change  in  void  ratio  since  it 
has  already  been  con.solidated  under  a  similar  natural 
load.  The  curved  portion  (B'  to  C)  is  the  transition 


from  reloading  to  new  loads  and  the  straight-line  por¬ 
tion  (A  to  £)  is  the  virgin  compression  curve  resulting 
from  the  application  of  loads  greater  than  those  ex¬ 
perienced  in  the  natural  environment.  Release  of  ap¬ 
plied  stress  allows  the  sample  to  rebound  (C  to  D)  as 
water  is  drawn  back  into  the  void  spaces  and  an  elas¬ 
tic  readjustment  is  made.  Each  time  the  sample  is 
compressed,  there  is  an  adjustment  of  the  grains,  pro¬ 
ducing  a  small,  inelastic  deformation.  The  curve  be¬ 
tween  recompression  and  virgin  compression  (B  to  C), 
therefore,  dcKs  not  pass  through  the  in  situ  void  ratio 
and  stress  point  (A). 

Two  points  marked  on  an  c-log  (t'  curve  are  used 
in  interpreting  the  geological  history  of  the  sample 
tested.  These  are  the  preconsolidation  stress  Ur',)  and 
the  effective  overburden  stress  (o').  Taylor  (1948)  de¬ 
fined  the  preconsolidation  stress  as  the  “maximum  past 
pres.sure.”  This  is  the  degree  of  consolidation  that  has 
occurred  in  nature.  Ca.sagrande  (1936)  introduced  a 
graphic  method  by  which  an  approximate  preconso- 
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Figure  21.  Bnlargcd  section  taken 
from  the  same  field  (lower  central 
portion)  as  in  Figure  20.  of  x-ray 
amorphous  smectite.  Necdic-like 
appearance  results  from  dehydra¬ 
tion  and  curling  of  smectite  sheets. 
Scale  Bar  =  0.25  pm. 


lidation  stress  can  be  determined  from  the  e-log  u' 
eurve.  This  technique  has  become  a  standard  methtxl 
in  all  geotechnical  investigations  and  has  been  used 
to  dcteimine  values  of  preconsolidation  stress  for  the 
red  clays.  The  Casagrande  method  for  the  determi¬ 
nation  of  the  preconsolidation  stress  is  described  as 
follows.  On  the  reload  portion  of  the  e-log  o'  curve 
(Fig.  27)  a  line  is  drawn  tangent  to  the  curve  at  the 
point  of  maximum  curvature.  A  horizontal  line  also 
is  drawn  through  the  point  of  maximum  curvature.  A 
line  that  bisects  the  angle  formed  by  the  horizontal 
and  tangent  lines  is  extended  to  intersect  the  extension 
of  the  virgin  eurve.  This  point  of  intersection  (it,')  is 
considered  the  amount  of  the  preconsolidation  stress. 

In  the  marine  environment  the  effective  overburden 
stress  (tr,')  which  acts  on  the  sediment  to  cause  con¬ 
solidation  is  the  weight  of  the  overlying  sediment  mi¬ 
nus  the  weight  of  the  water;  that  is,  the  buoyant  weight 
of  the  sediment  grains  in  sea  water. 

The  removal  of  water  and  the  rearrangement  of  sed¬ 


iment  particles  under  stress  are  complex  functions  of 
particle  size,  clay  mineralogy,  carbonate  content,  in¬ 
terstitial  electrolyte,  initial  particle  arrangement  mi¬ 
crofabric  and  permeability.  The  theory  of  consolida¬ 
tion  and  the  determination  of  preconsolidation  stress 
involve  only  the  concept  of  mechanical  loading  of  the 
sediment.  However,  Hamilton  (1964)  suggested  that 
any  factor  or  combination  of  factors  which  cause  un¬ 
usual  sediment  structural  strength  will  give  the  same 
effect  as  mechanically  driven  overconsolidation,  de¬ 
fined  as  the  state  where  overburden  stress  (a')  is  less 
than  preconsolidation  stress  (o').  The  factors  include 
unusually  strong  interparticle  bonding,  low  rates  of 
deposition  over  long  time  periods,  and  cementation 
due  to  chemical  and  biological  processes.  The  theory 
of  consolidation,  therefore,  does  not  include  the  effect 
of  cementation  or  other  factors  such  as  effect  of  mi¬ 
crostructure,  which  play  a  major  role  in  the  consoli¬ 
dation  process  of  marine  sediments.  The  determina¬ 
tion  of  preconsolidation  stress  ((r')  by  the  Casagrande 
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Figure  22.  Lnlarged  scetlon  of  x- 
ray  amorphous  smeclile  taken  from 
same  lielil  as  in  l-igure  21.  .Seale 
Bar  =  5(X)  A. 


method  is  bused  solely  on  the  concept  ot  mcchanicul 
del'orniution  resulting  from  overburden  stress. 


Test  Proct’ditri' 

The  general  technique  ttf  laborattrry  consolidation 
testing  is  discussed  in  Lambc  (1951).  Back  prc.ssurc 
consolidomcters  were  used  for  the  consolidation  tests 
described  in  this  article.  The  technique  differs  some¬ 
what  from  Lambe's  methods.  The  release  of  hydro¬ 
static  pressure  resulting  from  removing  the  sediments 
from  the  marine  environment  permits  formation  of  gas 
bubbles  which  may  be  entrapped  in  the  pore  water. 
The  application  of  back  pressure  redissolves  any  gas 
and  results  in  a  test  performed  under  the  hydrostatic 
conditions  of  the  environment  except  for  extremely 
deep  depths.  Details  of  the  technique  can  be  found 
elsewhere  (Bryant  and  others  1981,  Lowe  1974). 

The  loading  sequence  was  started  after  the  samples 
adjusted  to  the  back  pressure.  The  initial  loading  of 


the  sample  began  with  a  very  small  load  (10  kPa). 
The  loading  sequence  consisted  of  doubling  the  pre¬ 
vious  load  until  a  stress  of  .1200  or  64(X)  kPa  was 
reached.  The  loading  sequence  was  thus  10,  20,  50, 
l(K),  2(X),  4(X),  800,  I6(X),  .1200,  and  64(X)  kPa.  The 
time  required  to  run  one  consolidation  test  was  nor¬ 
mally  .1  to  4  weeks. 

Consolidation  Characteristics  And  Analysis 

The  results  of  52  consolidation  tests  on  material  re¬ 
covered  at  Site  576  arc  presented  in  Table  2.  The  con¬ 
solidation  testing  of  the  Site  576  cores  represents  the 
most  intensely  tested  marine  sediment  section.  The 
.statistical  average  values  for  the  important  parameters 
are: 

Overconsolidation  Ratio  (er,',):  1.99 
Compression  Index  (C, ):  1.74 
Expansion  Index  (C,.):  0.17 
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Klgurv  23.  Typical  clay  fabric 
T.B.M.  pholomicrograph  of  a  high 
walcr-conicnl,  clayey  marine  sed- 
imenl  from  Ihc  Mis.sissippi  Kan, 
Gulf  of  Mexico,  at  a  subboltom 
depth  of  2  m,  Seale  Bar  =  I  gm. 


Peniicability  at  prcconsoliiiation  stress  (cr,',) 
Consolidation  Theory:  k  =  2. .5  x  10  cm/sce 
Direct  Measurement:  k  ~  2.6  x  10  cm/.scc 

Typical  e-log  rr'  curves  are  shown  in  Figures  28 
and  29.  The  curves  in  Figure  31  arc  from  sediments 
in  the  suhunit  1-A  (depth:  0-31  m).  Pliocene  to  Qua¬ 
ternary  quartz-rich  illite  muds.  The  curves  in  Figure 

29  are  from  sediments  of  suhunit  1-B  (depth:  28-55 
ni).  Tertiary  illitc/smectitc-rich  pelagic  clays.  Figure 

30  is  a  compilation  of  the  results  of  the  consolidation 
testing.  Void  ratios  at  various  imposed  loads,  50.  100, 
300,  and  KKX)  kPa.  are  plotted  against  depth.  This 
compilation  of  test  results  illustrates  the  compres- 
sional  nature  of  red  clays.  High  void  ratio  material 
such  as  found  hetween  10  to  15  meters  was  highly 
compressihlc.  The  change  in  void  ratio  under  an  im¬ 
posed  load  ranging  from  50  to  KKK)  kPa  resulted  in 
a  decrease  in  void  ratio,  e.  from  5.2  to  1 .6  («  =  84- 
62  percent). 

The  state  of  consolidation  of  a  sediment  sample  can 
he  determined  hy  comparing  the  computed  in  situ  ef¬ 
fective  overburden  stress  to  the  maximum  past 
effective  stress  (cr,')  with  which  the  sample  is  in  equi¬ 


librium.  The  ratio  of  these  two  stresses  (fr'/ir')  is  called 
the  overconsolidation  ratio  (OCR). 

A  normally  consolidated  sample  (OCR  =  I )  is  one 
in  which  the  current  vertical  effective  .stress  is  the 
greatest  effective  stress  which  has  ever  been  applied 
to  the  sample.  An  overconsolidated  sample  (OCR  > 
1)  is  one  in  which  there  is  a  history  of  vertical  effec¬ 
tive  stress  greater  than  the  current  effective  overbur¬ 
den  .stress.  An  undercon.solidated  sample  (OCR  <  I) 
is  one  in  which  the  current  vertical  effective  stress  is 
less  than  the  calculated  effective  overburden  stress. 
In  general,  undcrconsolidatcd  sediments  exhibit  ex¬ 
cess  pore  water  pressure  (pressure  in  excess  of  hy- 
(i:o.static)  and  arc  not  yet  completely  consolidated. 

The  OCR  is  the  traditional  means  of  gauging  the 
.state  of  consolidation.  However,  in  stratigraphic  rep¬ 
resentations  it  can  be  misleading.  As  the  sediment- 
water  interface  is  approached,  the  effective  overbur¬ 
den  stress  ir'  becomes  nearly  zero,  thus  the  OCR  must 
approach  infinity,  which  gives  a  highly  distorted  con¬ 
solidation  state  relationship.  Figure  31  displays  the  plot 
of  the  overconsolidation  ratio  (OCR)  as  determined 
by  the  u.sc  of  the  Casagrande  method  for  the  deter¬ 
mination  of  the  preconsolidation  stress  (u',)  (Table  2). 

Originally,  the  consolidation  testing  of  deep  sea 


Figure  24.  C'l.i\  tiihiK  T  1-.  M  [thtMmnicntjjraph  ol  an  illiic/Miicclilc-nch  marine  ela\  Irnni  llie  Mississippi  Della,  (iiill  ot  Me\ieii.  at 
.1  siihhiitinni  ilepth  III  ^0  in  aikl  eoiisnliil.iied  h\  an  nn|k>sevl  load  ol  X(K)  kPa.  Seale  liar  I  pin 


sccliiiicnts  was  iinclertakL'ii  In  determine  the  eonsoli- 
rlatinn  eliaraetei'isties  ol'  a  line-yrained  marine  elay 
seetinn  that  had  a  kniwen  stress  history.  .Siieh  a  study 
miiiht  result  in  delinini:  the  model  ol  the  consolida¬ 
tion  process  of  the  "normallN  eonsolidtited  marine  elay 
section";  an  example  moi.lel  to  be  the  red  clays  of  the 
I’aeifie.  What  xxas  expected  to  appear  is  a  section  of 
sediment  that  is  norniallx  consolidated  KK'R  I ). 
that  is.  one  that  has  had  sufficient  time  to  consolidate 
with  no  indications  of  erosion,  no  unknown  stresses, 
onix  stresses  created  b\  the  overburden  havine  been 
applied.  I’luis.  the  sediments  tested  should  be  in  a  stale 
ol  equilibrium  where  the  fabric  ol  the  sediments  is 
supporlinp  the  overlying  material  and  the  pore  water 
pressures  are  equal  to  the  hydroslalie  pressure.  An  ex¬ 
amination  of  Table  2  and  1-11:1^0  ,1 1  shows  the  OC'K 
lor  xalues  ol  ir',  and  indicates  that  the  sedinienis  at 
Site  >l(i  are  overeonsolidated  in  the  upper  .f(l  meters, 
norinallv  consolidated  in  the  interval  between  .'(I  and 


,W  meters,  and  undereonsolidated  in  the  W  and  .‘'2  m 
interval,  The  interval  from  .Sb  to  b2  meters  contained 
nannofossil  oo/e.  which  will  not  be  considered  in  this 
discussion. 

The  overconsolidation  charaeterislie  of  the  surfieial 
sediment  at  Site  .'iVb  was  not  totally  unexpected.  Nu¬ 
merous  researchers  have  observed  that  in  most  marine 
deposits  the  uppermost  sediments  are  in  a  stale  of 
"apparent  overeonsolidation."  that  is.  the  surfieial 
sediments  have  sirenpths  that  are  allributed  to  cohe¬ 
sion  which  exceed  the  preconsolidalion  stress.  The 
slrenelh  of  these  surfieial  sediments  is  larger  relative 
to  the  small  overburden  stresses  imposed  upon  them 
in  the  field  as  well  as  in  the  laboratory  during  testing 
in  an  oedomeler.  Ihe  result  is  that  the  value  of  pre¬ 
consolidation  stresses  is  much  larger  than  the  effec¬ 
tive  overburden  stresses,  resulting  in  the  "apparent 
overeonsolidation  effect,"  The  overeonsolidated  sed¬ 
iments  at  .Site  51(i.  however,  exteml  to  a  depth  much 
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Figure  25.  An  o.xaniplc  of  limc-comprcssUin  curves  of  a  high  watcr-conlcni  marine  clay.  T,„  inJicates  lime  required  U)  reach 
eonvilidalion. 


deeper  (2S  m)  than  ha.s  been  previously  observed  in 
most  other  marine  environments. 

The  appearance  ot  underconsolidated  sediments  as 
determined  by  the  Casagrande  method  (Casagrande 
19.12)  in  the  39  to  53  meter  interval  is  much  more 
difficult  to  explain  than  the  overconsolidated  shallow 
sediments.  The  sediments  at  Site  576  have  been  de¬ 
posited  over  a  long  time  period,  sufficiently  long  for 
the  sediments  to  have  reached  a  state  of  equilibrium 
related  to  the  consolidation  process  in  both  primary 
and  secondary  consolidation. 

In  addition  to  the  use  of  the  overconsolidation  ratio 
(OCR)  to  express  the  consolidation  state  in  terms  of 
the  preconsolidation  stress  (tr,')  an  additional  quantity 
it'  —  ir'  is  used  and  referred  to  as  the  overcon.soli- 
dation  difference  (OCD).  The  consolidation  state  de¬ 
fined  by  the  OCD  is  as  follows: 

OCD  =  it'  -  ir,',  =  0  normally  consolidated 

OCD  =  it'  -  IT,',  >  0  overconsolidated 

OCD  =  it'  -  it'„  <  0  underconsolidated 


The  relationship  of  the  overconsolidation  difference 
(OCD)  to  the  overconsolidation  ratio  (OCR)  is  illus¬ 
trated  in  Figure  32.  The  parameters  used  for  the  il¬ 
lustration  are  from  a  normally  consolidated  marine 
sediment  that  has  had  portions  of  its  overburden  re¬ 
moved. 

Figure  32(A)  shows  the  overburden  stress  (a,',)  and 
the  preconsolidation  stress  ((t,')  in  the  sediment.  The 
overburden  stress  is  zero  at  the  seafloor  while  the  pre¬ 
consolidation  stress  has  a  value  larger  than  zero  be¬ 
cause  of  its  cohesion  and  the  effects  of  loading  from 
that  portion  of  the  overburden  that  has  been  removed. 
Figure  32(B)  shows  the  OCR  varies  with  depth  and 
increases  •Vamatically  near  the  sealloor,  whereas  Fig¬ 
ure  32(C)  shows  the  OCD  is  constant  with  depth  whose 
magnitude  equals  the  buoyant  weight  of  the  overbur¬ 
den  removed  and  the  effects  of  cohesion.  The  use  of 
the  OCD  avoids  the  mathematical  variation,  which  is 
pronounced  near  the  sealloor.  The  OCR  with  depth  is 
unrelated  to  the  geological  history  of  the  sediment 
(Olsen  and  others  1986). 

Figure  33(A)  displays  the  overconsolidation  differ- 
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Figure  26.  Void  ralio  (e)  versus,  log  of  effeclive  stress  (o')  curve 
of  a  typical  marine  clayey  sediment. 


ence  of  the  preconsolidation  stress  (a,'i)  determined 
by  Casagrande's  method  and  the  overburden  stress 
(cr,').  The  results  are  similar  to  those  shown  in  Figure 
31  for  the  overconsolidation  ratio  (OCR)  except  the 
overconsolidation  difference  is  almost  constant  (=50) 
for  the  sediment  in  the  upper  25  meters.  It  is  obvious 
from  their  comparisons  that  the  interpretation  of  the 
state  of  consolidation  using  standard  consolidation  test 
techniques  depends  upon  the  validity  of  the  determi¬ 
nation  of  the  preconsolidation  stress. 

Preconsolidation  Stress 

Various  investigators,  including  Cooling  and  Skemp- 
ton  (1942),  Schmertman  (1955)  Bernhard  (1963), 
Bishop  and  others,  (1965),  concluded  that  the  Casa- 
grande  method  was  inadequate  under  certain  circum¬ 
stances  for  determining  the  preconsolidation  stress  when 
applied  to  curves  from  oedometer  tests.  Other  pro¬ 
cedures  for  the  determination  of  preconsolidation  stress 
have  been  proposed  by  Burmister  (1951)  and 
Schmertmann  (1955)  but  both  methods  require  a  re¬ 
bound  and  reloading  cycle.  Schmertmann's  technique 
applied  to  the  red  clays  did  not  supply  realistic  values 
for  the  sediments  between  the  29  to  55  meter  inverval 
of  Site  576  sediments.  A  multitude  of  possibilities  may 
produce  an  apparent  preconsolidation  stress.  Table  3 
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Figure  27.  Hypothclical  void  ratio-log  effeclive  stress  (e-log  o') 
curve  showing  how  the  calculated  preconsolidation  stress  varies 
depending  on  the  technique  used  (see  explanation  in  text),  o,  i  is 
the  preconsolidation  stress  calculated  using  the  Casagrande  ( 1936) 
technique,  o.,  is  the  preconsolidaled  stress  calculated  using  the 
Casagrande  technique  on  the  hysteresis  loop  on  the  e-log  o'  curve, 
o.,  is  the  actual  preconsolidation  stress  for  the  hysteresis  loop.  0,4 
is  the  preconsolidation  stress  determined  using  the  rebound  char¬ 
acteristics  and  the  hysteresis  loop  or  the  following  relationship: 
o.i/o,i  X  o,,.  The  o,,  is  the  preconsolidation  stress  determined 
using  point  B  and  the  slope  of  the  rebound  curve. 


summarizes  the  main  mechanisms  and  processes  than 
can  cause  a  preconsolidation  stress  (modified  from 
Brumund  and  others  1976).  The  effects  of  coring  (re¬ 
moulding  or  disturbance  of  the  clay  fabric  by  over¬ 
coring,  side  friction,  etc.)  and  high  hydrostatic  pres¬ 
sures  have  been  added  to  Brumund’s  list. 

The  most  probable  causes  of  the  apparent  overcon¬ 
solidation  of  the  upper  28  meters  of  sediment  at  Site 
576  are  changes  in  the  soil  structure  due  to  chemical 
alterations  in  the  form  of  cementing  agents,  aging  ef¬ 
fects,  the  development  of  authigenic  smectite  and  high 
electrical  interparticle  bonds.  The  effects  of  high  hy¬ 
drostatic  pressures  may  cause  induced  effective  stresses 
but  the  magnitude  is  unknown  and  presumably  is  in¬ 
significant.  Brumund  and  Callender  (1975)  sugge.sted 
that  the  apparent  preconsolidation  stress  present  in  deep 
marine  sediment  is  related  to  high  hydrostatic  pres¬ 
sures.  Lee  (1984),  however,  suggested  that  clays  ex¬ 
posed  to  hydrostatic  pressure  of  75  to  100  MPa  would 
have  an  induced  effective  stress  of  2  to  5  kPa.  The,se 
values,  however,  are  insignificant  in  relationship  to 
the  values  of  preconsolidation  stress  determined  by 
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Table  2.  Summary  of  PrcconsoliUaiion  Stress  Values  Calculated  Using  Casagrande’s  Techniques  Incorix  Mating  the  Sediment  Expansion 
Characteristics  Described  In  the  Text 


Depth 

(m) 

Initial 

void 

ratio 

Overburden 

stress 

(kPa)  (T,', 

Precon¬ 

solidation 

stress 

(kPa)  a,'| 

Overcon* 
Overcon-  solidation 
solidation  difference 
ratio  (kPa) 

Precon¬ 

solidation 

stress 

(kPa)  <r.'4 

Overcon- 

siiiidation 

ratio 

Overcon¬ 

solidation 

difference 

(kPa) 

Precon- 

sulidation 

stress 

(kPa)  aU 

Overcon- 
Ovcrcon-  solidation 
solidation  difference 
ratio  (kPa) 

Investi¬ 

gator 

1.40 

6.12 

4.48 

25 

5.58 

20.52 

25 

5,58 

20.52 

70 

15.60 

65.52 

1 

2.45 

3.77 

7.52 

76 

10.11 

68.48 

76 

10.11 

68.48 

— 

— 

— 

2 

3.55 

3.7S 

7.86 

52 

6.62 

44. 14 

52 

6.62 

44.14 

— 

— 

— 

3 

.V(H) 

4.70 

9.44 

34 

3.60 

24.56 

— 

— 

— 

— 

— 

— 

4 

4.52 

4.34 

14.67 

49 

3.34 

34. 33 

49 

5. 54 

45 

3.06 

.30.33 

2 

5.1)0 

4.19 

16.40 

57 

3.38 

40.60 

— 

— 

54 

— 

37.60 

5 

5.60 

4.46 

IX. 10 

88 

4.86 

-69,90 

— 

— 

— 

— 

— 

4 

7.40 

4.56 

23.90 

67 

2.79 

43. 10 

67 

— 

43.10 

— 

~ 

— 

I 

7.54 

4.62 

24.27 

69 

2.84 

64.73 

96 

3.95 

91.73 

64 

2.84 

59.73 

2 

y.72 

4.77 

30.81 

89 

2.89 

58.19 

89 

2.89 

58.19 

— 

— 

2 

10.23 

5.64 

32.39 

106 

3.27 

73.61 

106 

5.27 

73.61 

85 

2.62 

.52.61 

5 

II. II 

5.16 

34.74 

121 

3.48 

86.26 

136 

5.91 

101.26 

no 

5.16 

72.26 

2 

11.60 

5.27 

36.22 

84 

2.32 

47.78 

— 

__ 

— 

68 

1.87 

71.78 

5 

1  1.66 

4.91 

56. 59 

74 

2,03 

57.61 

74 

2.03 

— 

— 

— 

— 

5 

12.21 

5.74 

.38.12 

106 

2.7X 

67.  XX 

— 

— 

— 

— 

— 

— 

5 

13.15 

5.04 

40.96 

152 

5.71 

111.04 

170 

4.15 

129.04 

— 

— 

— 

I 

13.52 

4.77 

42.12 

140 

3.23 

97.  XX 

140 

3.23 

97.88 

85 

2,01 

42.88 

2 

15.50 

4.5X 

48.80 

94 

1.93 

45.20 

121 

2.48 

72.20 

75 

1.55 

26.20 

5 

16  15 

4.61 

50.65 

1.35 

2.67 

84.35 

171 

3..37 

120.35 

no 

2.17 

59.35 

1 

Ift  22 

4.4K 

50.86 

1.35 

2.65 

X4.I5 

207 

4.07 

1.56.15 

97 

1.90 

46.15 

2 

19. .54 

4.22 

63. (Kl 

96 

1.52 

50.(X) 

114 

1.80 

51.00 

85 

1.51 

20.00 

5 

20.76 

2.97 

67.  X7 

195 

2,X7 

127.15 

20X 

5.06 

140.15 

190 

2,79 

122.15 

2 

22.43 

5.x  1 

74,64 

61 

0,82 

-15.64 

151 

2.02 

76.. 56 

115 

1.54 

40.. 56 

5 

22.65 

5.65 

75,55 

75 

0,97 

-2.. 55 

X2 

1.08 

6.47 

— 

— 

— 

1 

22.  X6 

2.75 

76.40 

115 

I.4X 

-.56.60 

— 

— 

__ 

_ 

— 

5 

24. 54 

3.66 

X2.70 

120 

1.45 

.57. 50 

120 

1.45 

57.. 50 

74 

0.89 

-8.70 

2 

25.65 

5.10 

XX. 04 

2IX 

2.4X 

-29.60 

— 

— 

— 

— 

— 

— 

1 

26.02 

3.24 

X9.65 

96 

1.07 

105 

1.17 

15.57 

85 

0.95 

-4.65 

2 

Average  Values 

5.09 

42.24 

5.48 

71. XX 

2.94 

45.85 

30.09 

3.24 

106.15 

90 

0.X5 

-16.15 

90 

0.X5 

-16.13 

80 

0.75 

-26.15 

2 

30.40 

4.55 

107.67 

88 

0X2 

-19,67 

— 

— 

— 

— 

— 

4 

.50.60 

4.13 

IOX,02 

88 

0,81 

-20.02 

160 

1,48 

51.98 

61 

0.56 

47.02 

5 

.52.15 

4  11 

1 15.51 

145 

I.2X 

31.48 

190 

1,67 

76.49 

125 

I.IO 

11.49 

1 

.52.47 

4,52 

114.62 

140 

1.22 

26,49 

230 

2,(K) 

1 16.49 

— 

— 

— 

2 

54.40 

3.66 

121.58 

140 

1.15 

IX.42 

2X1 

2,51 

1.59.42 

180 

1.48 

58.42 

5 

35.29 

3.56 

125.09 

155 

1.24 

29.90 

254 

2.03 

128.90 

210 

1.67 

84.70 

2 

39  37 

4.(H) 

141. .52 

115 

0.80 

-2X.52 

— 

110 

0.77 

-31. .52 

2 

40.36 

3.«4 

145.. 35 

70 

0.48 

-65.45 

169 

1  16 

33.55 

78 

0.54 

-57.45 

2 

41.04 

3.32 

147. X6 

120 

0.81 

-27. X6 

237 

1.60 

89.14 

180 

— 

.52. 14 

2 

41.65 

5.22 

150.46 

1,50 

— 

— 

— 

— 

— 

— 

— 

— 

1 

42.02 

3.IH 

152,05 

120 

0.78 

-52.05 

237 

1.56 

84.95 

180 

1.18 

27.95 

2 

45. .50 

2.80 

I.57.7X 

90 

0.57 

-67.7X 

126 

0.79 

-51.78 

140 

0.88 

-17,78 

5 

44.61 

2.67 

163.66 

109 

0.66 

-48.7X 

145 

0.88 

-12.78 

180 

1.10 

22.22 

2 

44.65 

2.88 

163.8.3 

155 

0.95 

-8.83 

299 

1.82 

155.17 

340 

2.07 

176.17 

1 

44.97 

5.26 

165.25 

92 

0.56 

-72.25 

2.56 

1.45 

70.77 

200 

1.21 

34.77 

2 

45.60 

3.31 

168.50 

140 

0.83 

-28.50 

275 

1.65 

106.50 

2(X) 

1.18 

31.50 

2 

47.20 

3.74 

174.47 

75 

0.43 

-99.47 

273 

I..56 

98.53 

185 

1.06 

10.53 

2 

4X.15 

3.62 

177.93 

183 

1 .05 

5.07 

— 

_ 

__ 

— 

— 

— 

1 

4S.2I 

5,14 

178.15 

1.30 

0.73 

-4X.I5 

519 

1.79 

140.85 

250 

1.40 

71.85 

2 

49.60 

3.76 

1X5.95 

1.30 

0.71 

-53.95 

— 

_ 

__ 

250 

1..56 

66.05 

5 

49.65 

3.40 

184. (K) 

67 

0.36 

-117.(K) 

— 

— 

— 

_ 

— 

5 

51.36 

3.20 

191.45 

110 

0.57 

-81.45 

299 

1.56 

107.55 

170 

0.88 

-21.45 

2 

55.65 

3.09 

201.40 

180 

1,39 

78.60 

— 

- 

— 

3.30 

1.64 

128.60 

5 
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VOID  RATIO 


Figure  30.  Summary  of  consoli¬ 
dation  test  results  for  Hole  575A 
sediments.  Sediment  response  to 
increasing  applied  stress  for  each 
sample  tested  is  displayed  as 
changing  void  ratio  at  the  same 
depth.  A  pronounced  change  in 
compressibility  with  depth  at  four 
applied  stress  levels  occurs  be¬ 
tween  submit  I A  and  IB  (28  m 
subbottom). 


the  Casagrande  method  for  Site  576  sediments.  The 
effects  of  coring,  cementation,  secondary  compres¬ 
sion  (aging),  and  electrical  bonds  appear  only  to 
apply  in  the  upper  28  meters  of  sediments.  The 
sediments  below  that  level  are  in  normal  to 
underconsolidated  states  as  determined  by  the  Casa- 
grande  method  for  determining  o,',.  The  sediments 
between  the  38  to  53  meter  depths  are  underconso¬ 
lidated  to  the  same  order  of  magnitude  as  the  upper 
sediments  are  overconsolidated  (Fig.  33(A)). 

The  mechanisms  attributed  to  low  preconsolidation 
stress  relative  to  the  overburden  stress  (underconso¬ 
lidation)  are  rapid  rates  of  deposition,  coring  distur¬ 
bance,  chemical  alterations,  and  the  presence  of  ex¬ 
cess  pore  pressures  (Bennett  and  others  1981).  The 
only  acceptable  explanation  for  the  observed  degree 
of  underconsolidation  of  Site  576  .sediments  is  that  the 
method  of  determining  the  preconsolidation  .stress 


(o-.'i)  is  inadequate  and  underestimates  tr,'.  Core  dis¬ 
turbance  may  be  a  factor  but  we  do  not  think  it  is  the 
governing  factor  for  these  sediments. 

Examination  of  the  e-log  a'  curves  (Figures  28  and 
29)  shows  that  the  rebound  of  the  unloading  portions 
of  the  curves  increases  with  depth  below  the  seafloor. 
A  plot  of  the  expansion  index  (a  measure  of  the  re¬ 
bound)  versus  depth  is  shown  in  Figure  34.  From  ex¬ 
amination  of  the  e-log  a'  plots  it  appears  that  as  the 
magnitude  of  the  expansion  index  increases,  an  error 
arises  in  the  determination  of  the  preconsolidation  stress 
as  determined  by  the  Casagrande  method.  This  can 
be  demonstrated  by  examining  the  unloading  and  re¬ 
loading  portions  of  the  hysteresis  loop  of  the  c-log  a' 
curve  in  Figure  29(B).  The  unloading  portion  of  the 
hysteresis  loop  started  at  a  stress  level  of  400  kPa. 
Thus  the  preconsolidation  stress  at  the  time  of  un¬ 
loading  was  400  kPa.  However,  a  value  of  260  kPa 


222 


Geo-Marine  Letters 


0.16  0.25  0.5  1.00  3.00  5.00  7.00  9.00 

OVERCONSOLIDATION  RATIO  (OCR) 

Figure  31.  Overconsolidation  ratio-depth  profile  using  precon¬ 
solidation  stress  value  (r,',  determined  from  static-load  consolida¬ 
tion  test  results  from  Hole  576A  sediments.  Overconsolidation  scale 
reciprocal  below  1.00  and  linear  above  1.00. 


was  determined  for  the  preconsolidation  stress  by  the 
Casagrande  method.  From  the  known  value  of  the 
preconsolidation  stress,  and  that  determined  graphi¬ 
cally,  a  relationship  between  the  difference  in  pre¬ 
consolidation  stress  as  determined  by  the  Casagrande 
technique  and  the  expansion  index  of  the  material  was 
determined  (Fig.  35).  This  relationship  was  used  to 
adjust  the  values  of  preconsolidation  stress  of  the  ini¬ 
tial  reload  portion  of  the  e-log  a'  curve  as  determined 
by  the  Casagrande  method.  These  adjusted  values  are 
listed  in  Table  2  as 

Another  method  devised  herein  to  determine  the 
preconsolidation  stress  is  shown  in  Figure  27.  This 
method  is  based  on  the  characteristics  of  the  rebound 
curve  and  the  assumption  that  those  characteristics  are 
constant  for  a  given  sediment  sample.  Examination  of 
all  the  Hole  576A  e-log  a'  curves  with  rebound  por¬ 
tions  substantiates  this  assumption.  Schmertmann 
(1955)  addressed  a  similar  problem  and  demonstrated 
that  variations  were  predictable.  The  rebound  method 
to  determine  the  preconsolidation  stress  is  as  follows; 
a  point  on  the  recompression  curve  where  the  void 
ratio  is  constant  or  at  a  maximum  is  cho.sen.  This  point 


Figure  32,  Preconsolidation  and  overburden  stress  plots;  (A)  Ov¬ 
erburden  stress  to,',)  and  preconsolidation  stress  (o,'.)  versus  sub- 
bottom  depth:  (B)  Overconsolidation  ratio  as  a  function  of  depth 
downhole;  (C)  Overconsolidation  difference  as  a  function  of  depth 
downhole. 


is  the  largest  vertical  effective  stress  along  the  line  of 
constant  e,  (point  B  in  Fig.  27).  If  that  point  is  am¬ 
biguous,  a  point  one  log-cycle  before  the  point  of 
maximum  curvature  of  the  reload  curve  is  used.  From 
that  point  a  line  parallel  to  the  rebound  portion  of  the 
e-log  a'  curve  is  extended  to  intersect  the  virgin  curve. 
That  intersection  is  determined  to  be  the  preconsoli¬ 
dation  stress.  Values  derived  by  this  method  are  listed 
in  Table  2  as  o's.  Thus,  Table  2  lists  the  values  of 
preconsolidation  stresses  as  determined  by  three  dif¬ 
ferent  techniques; 

1.  Casagrande  (cth), 

2.  the  intersection  of  an  assumed  rebound  curve  and 
the  virgin  curve  (ct.'s), 

3.  adjustment  of  Casagrande  values  ((r,'.4)  using  the 
difference  between  Casagrande  values  (rr’i)  and  known 
values  of  a',.,  of  the  unload  and  reload  curve  (o.y  (Fig. 
27). 

A  plot  of  the  overconsolidation  difference  (OCD) 
using  the  preconsolidation  stress  values  (o',)  (Fig. 
33(B)),  shows  that  the  sediments  are  in  a  similar  state 
of  consolidation  as  those  of  Figure  33(A)  except  that 
the  sediments  below  the  33  meter  level  are  more  over¬ 
consolidated.  Figure  36(A)  is  the  OCD  conditions  for 
values  of  It  shows  that  all  the  sediments  except 
for  a  short  segment  between  the  27  and  30  meters 
inverval  are  overeonsolidated.  Figure  36(B)  shows  the 
compression  index  for  the  red  clays.  The  compression 
index  is  a  constant  C,.  in  the  relationship 

cr' 

e  =  e„  -  C,  log  —  ( 1 ) 

a„ 

where  e„  is  the  void  ratio  at  pressure  o'  and  e  is  the 
void  ratio  at  pressure  of  a'(e  <  e',„  a'  >  o-,,).  This  is 
the  equation  of  the  straight  portion  of  the  virgin  curve 
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Figure  33.  Ovcrconsolidation  differences:  (A)  Calculated  using  the  preconsttlidalion  stress  values  ct,',.  versus  subbottom  depth  at  Hole 
576A;  iBl  Calculated  using  the  preconsolidation  stress  values  versus  subbottom  depth  at  Hole  .S76A. 


plotted  with  the  logarithm  of  pres.sure  as  the  ab.scissa 
and  the  void  ratio  as  the  ordinate.  Comparisons  of 
Figures  36(A)  and  (B)  show  that  there  is  a  direct  cor¬ 
relation  between  the  OCD  of  a, '4  and  compression  in¬ 
dex  (C,.). 

The  horizontal  lines  on  Figure  36(B)  indicate  the 
top  and  bottom  of  the  seven  cores  taken  at  Hole  576A. 
Trends  in  the  values  of  the  compression  index,  such 
as  the  decrease  in  C,.  across  the  boundary  at  the  18m 
level  and  an  increasing  trend  at  the  8.5  m  core  bound¬ 
ary,  indicates  the  cores  were  relatively  undisturbed. 
The  compression  index  is  highly  affected  by  the  dis¬ 
turbance  of  the  sediment.  Trends  that  continue  across 
the  bottom  of  a  core  and  into  the  top  of  the  next  core 
indicate  minimal  disturbance. 

Factors  Affecting  the  Consolidation  Process 

Examining  the  factors  that  affect  the  consolidation 
process  provides  insight  into  the  various  methods  of 
determining  the  preconsolidation  stress  presented 
above.  The  major  factors  that  affect  all  physical  prop¬ 
erties  at  Site  576  are: 

1.  Core  disturbance-this  offsets  the  test  results. 

2.  Mineralogy 


3.  Grain  size 

4.  Time  dependent  processes 

5.  Depth  of  burial 

6.  Microstructure. 

The  term  “disturbance’  is  used  in  two  contexts.  First, 
sampling  (coring  process)  will,  by  its  very  nature,  in¬ 
duce  a  stress  relief  and  rebound  of  the  sample.  If  no 
major  fabric  changes  have  been  induced  by  the  sam¬ 
pling  process  and  subsequent  handling,  the  virgin 
compression  curve  can  be  reconstructed  in  the  labo¬ 
ratory.  The  Casagrande  (1936)  construction  is  predi¬ 
cated  on  this  concept  of  no  disturbance,  or  “perfect 
sampling.”  The  second  form  of  disturbance  is  one  in 
which  the  fabric  of  the  sediment  is  altered  in  the  cor¬ 
ing  process,  handling,  and  initial  testing  phases.  This 
remoulding  type  of  disturbance  can  be  caused  by  dou¬ 
ble  coring,  friction  of  the  core  barrel,  laboratory  han¬ 
dling,  etc.  The  remoulding  effect  is  generally  indi¬ 
cated  by  flattening  of  the  e-log  tr'  curve  (lower  values 
for  the  compression  index  C,.).  The  discontinuity  be¬ 
tween  the  overconsolidated  and  the  normally  consol¬ 
idated  portion  of  the  e-log  a'  curve  becomes  less  dis¬ 
tinct. 

Oedometer  tests  on  soft  sediments  often  show  a 
modified  preconsolidation  stress  (Scully  and  others 
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Table  3.  Mechanisms  that  Cause  a  Preconsolidation  Stress 


Item 

Remarks  and 
References 

Change  in  total  stress  due  to: 

( 1 )  Removal  of  overburden 

(2)  Past  structures 

(3)  Glaciation 

(4)  Coring 

(5)  High  hydrostatic 

Brumund  and  Callender 

pressures 

(1975) 

Changes  in  pore  water  pressure  due  to: 

(1)  Changes  in  water-table 

Kenney  (1964)  gives  sea  level 

elevation 

changes 

(2)  Artesian  pressures 

Commin  in  glaciated  areas 

(3)  Deep  pumping 

Common  in  many  cities 

(4)  Desiccation  due  to 

May  have  occurred  during 

drying 

deposition 

(5)  Desiccation  due  to  plant 

May  have  occurred  during 

life 

deposition 

Changes  in  soil  structure  due  to: 

( 1 )  Secondary  compression 

Leonards  and  Ramiah  (1959) 

(aging) 

Leonards  and  Altschaeffi 

(2)  Environmental  changes, 
such  as  pH, 
temperature,  salt 
concentration 

(1964) 

Bjemim  (1967,  1972,  1973) 

Lambc  (1958) 

(3)  Chemical  alterations 
due  to:  'weathering', 
precipitation  of 
cementing  agents,  ion 
exchange 

Bjerrum  (1967) 

(4)  Coring 

Change  of  strain  rate  on 

loading 

Lowe  ( 1974) 

1984).  This  effect  can  be  attributed  to  the  initial  seat¬ 
ing  of  the  porous  stones  and  loading  platens  in  the 
te.st,  and  possibly  side  friction  during  the  test.  This 
effect  certainly  contributes  to  the  characteristics  of  Site 
576  samples,  but  its  magnitude  is  undoubtedly  small. 

In  most  deep  marine  environments,  and  especially 
the  one  at  Site  576,  the  depositional  mineralogy  and 
grain  size  of  illite,  quartz,  and  kaolinite  are  relatively 
constant.  These  properties  do  not  change  significantly 
with  time  or  depth  of  burial  as  long  as  the  depth  of 
burial  is  fairly  shallow  (~I000  meters).  Illite,  ka¬ 
olinite,  and  quartz,  the  main  minerals  present  in  the 
upper  sections  at  Site  576,  do  not  undergo  major  dia- 
genetic  alteration  except  in  the  presence  of  high  tem¬ 
peratures,  high  pressures  and  ion  exchange.  Time 
alone,  or  shallow  depth  of  burial,  does  not  have  a 
diagenetic  effect,  except  for  consolidation.  The  smec¬ 
tite  present,  however,  is  a  diagenetic  product. 

The  sediments  at  Site  576  have  been  deposited  over 
such  a  long  period  of  time  and  at  such  a  low  rate  of 


Figure  34.  Expansion  indcx-dcplh  profile  dclermined  using  the 
rebound  portion  of  the  r-log  o'  curve  generated  from  consolidation 
test  results  completed  on  Hole  .S76A  sediments. 


accumulation  that  time  related  to  consolidation  is  es- 
.sentially  infinite.  All  physical  processes  related  to  time, 
i.e.,  primary  and  secondary  consolidation,  have  taken 
place  and  the  sediment  system  should  be  in  a  state  of 
total  physical  equilibrium.  Thus,  if  disturbance  is 
minimal,  the  major  factors  affecting  the  consolidation 
process  at  Site  576  are  mineralogy,  microstructure  and 
depth  of  burial  (overburden  stress). 

Mineralogical  changes  due  to  chemical  alterations 
in  the  form  of  cementing  agents,  such  as  organics, 
calcium  carbonate,  or  silica,  have  been  suggested  as 
the  factors  responsible  for  the  overconsolidation  of  the 
upper  sediment  at  Site  576  (Dadey  1983).  There  is  no 
conclusive  evidence  that  such  conditions  existed.  It 
would  be  fortuitous  indeed  if  the  cementing  process 
only  takes  place  in  the  shallow  deposits  of  the  oceans 
and  is  not  observed  in  the  deeper  buried  sediments. 
Of  course,  the  effects  of  cementation  may  have  the 
greatest  influence  on  the  consolidation  process  in  the 
near-surface  sediments  than  those  buried  deeper.  It 
would  be  difficult  to  accept  the  effects  of  cementation 
if  the  preconsolidation  stresses  presented  by  a,'.,  in  Ta¬ 
ble  2  are  correct.  If,  however,  the  preconsolidation 
stresses  represented  by  0^4  and  a, '5  are  valid,  then  ce¬ 
mentation  effects  are  made  more  plausible.  If  cemen¬ 
tation  of  the  clay  particles  has  taken  place  and  has  had 
a  marked  effect  on  the  consolidation  process,  the  ce- 
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Figure  35.  Relationship  between  the  expansion  index  and  the  dif¬ 
ference  between  a  known  preconsolidation  stress  deteimined  using 
a  hysteresis  ItKip  and  the  preconsolidation  stress  determined  graph¬ 
ically  using  the  Casagrande  technique  (see  text  fur  explanation) 
As  the  expansion  index  incrca.scs  the  difference  between  the  known 
and  calculated  preconsolidation  stress  values  also  increases.  As¬ 
terisks  (»)  represent  regression  analysis  results  (y  =  0.83). 


mentation  also  should  be  reflected  in  the  strength  of 
the  sediments.  No  such  effect  has  been  observed  (Ini¬ 
tial  Reports  of  DSDP,  86). 

Illite  comprises  approximately  50-70  percent  of  the 
clay  minerals  present  in  the  red  clays  and  quartz  ap¬ 
pears  in  amounts  ranging  from  1.76  to  18.1  percent. 
Thus,  one  of  the  largest  variations  in  mineralogical 
content  is  the  amount  of  quartz  present.  Figure  37 
shows  the  relationship  between  depth,  void  ratio  (at 
50  kPa),  percent  quartz,  and  percent  sand  and  silt. 
The  largest  variations  in  percent  sand  and  silt  pre.sent 
occur  where  the  quartz  content  is  the  largest,  in  the 
upper  20  meters  and  at  a  position  between  38  and  47 
meters  where  the  quartz  content  is  consistently  low. 
An  unusual  relationship  is  found  between  the  void  ra¬ 
tio  and  the  percent  sand  and  silt  in  the  upper  23  me¬ 
ters;  the  higher  the  sand-silt  percentage  the  higher  the 
void  ratio.  This  is  not  the  normal  relationship  between 
void  ratio  and  grain  size  for  marine  sediments.  In  the 
interval  between  42  to  45  meters  in  the  core  the  void 


ratio  decreases  from  3.9  to  2.5  over  a  3  meter  section 
and  then  increases  to  3.8  over  a  5  meter  interval.  Over 
these  two  intervals  grain  size  (percent  sand  and  silt) 
increa.ses  in  almost  equal  proportions  to  the  decrease 
in  void  ratio.  This  inverse  relationship  between  grain 
size  and  void  ratio  is  the  normal  one  found  in  most 
marine  sediments. 

Figure  37  shows  that  in  the  upper  20  meters  of  sed¬ 
iment  the  quartz  content  ranged  from  8.87  to  18.11 
percent.  Over  that  20  meter  interval  the  void  ratio  in¬ 
creased  from  3.0  (75  percent  porosity)  to  5.2  (84  per¬ 
cent  porosity).  This  means  that  the  amount  of  quartz 
present  accounts  for  approximately  1.44  to  4.5  per¬ 
cent  of  the  total  volume  of  the  sediment.  In  this  low 
concentration  none  of  the  quartz  particles  could  be 
touching  each  other;  then  when  they  are  suspended  in 
a  clay  matrix  the  quartz  would  have  little  effect  on 
the  strength  or  the  consolidation  process  of  the  sedi¬ 
ments  at  Site  576.  In  addition,  not  all  of  the  sand- 
and  silt-sized  material  is  quartz.  Figure  37  shows  that 
at  the  1 3  meter  level  quartz  accounts  for  only  1 7  per¬ 
cent  of  the  52  percent  of  the  sand  and  silt  fraction. 
No  material  in  the  silt  range  was  detected  other  than 
quartz  and  shale  clasts  (domains;  face-to-face  clay 
particles).  The  only  conclusions  one  can  draw  is  that 
the  major  part  of  the  silt  fraction  in  the  upper  20  me¬ 
ters  consists  of  domains  (aggregates). 

Bennett  and  others  (1981)  performed  a  clay  fabric 
analysis  on  a  Pacific  red  clay  sample  taken  during 
DSDP  Leg  16  and  described  the  fabric  as  a  highly 
complex  structure  of  linked  chains  of  clay  floes  with 
large  intravoid  spaces  (Figs.  38  and  39).  The  presence 
of  clay  floes  in  red  clays  is  consistent  with  the  concept 
of  clay  aggregates  being  the  main  source  of  the  silt¬ 
sized  sediments.  The  zeolitic  aggregates  were  suffi¬ 
ciently  bonded  to  resist  the  deflocculation  process  that 
takes  place  during  size  analysis  and  remoulding  (Fig. 
40).  The  red  clay  is  a  good  example  of  a  fabric  cre¬ 
ating  a  high  void  ratio  which  is  maintained  at  depths 
of  143  m;  reasonably  strong  structural  integrity  with 
high  overburden. 

If  the  illite,  chlorite,  and  kaolinite  clays  at  Site  576 
have  not  undergone  extensive  alterations  with  time, 
which  has  been  suggested,  then  the  unusual  consoli¬ 
dation  behavior  of  these  clays  must  be  from  high 
bonding  strength  of  smectite  and  fine-grained  nature 
x-ray  amorphous  material.  This  would  account  for  the 
observed  overconsolidation  results  obtained  from  the 
oedometer  tests. 

There  are  .several  conclusions  that  can  be  drawn  from 
the  above  data.  First,  the  Pacific  red  clays  are  clearly 
not  the  standard  marine  sediment  in  a  soil  mechanics 
sense  that  was  originally  presumed.  In  fact,  the.se  clays 
behave  in  ways  which  diverge  from  conventional  wis¬ 
dom. 
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Figure  36.  Relaliiinship  between  the  consul idatiiin  difference  and  compression  index;  (A)  Overconsolidation  difference  subbottom  depth 
plot,  Overeonsolidation  difference  determined  using  preconsolidation  stress  value  it,.;  IB)  Compression  index  plotted  against  subbottom 
depth.  Horizontal  lines  indicate  top  and  bottom  positions  of  the  seven  cores  taken  at  Hole  .S76A, 


Regardless  of  how  we  determine  the  preconsoli¬ 
dation  stress  (a')  by  graphical  means,  the  data  indi¬ 
cate  that  the  material  is  overconsolidated  by  classical 
definition.  Several  reasons  have  been  hypothesized. 
These  are: 

1,  Microstructure,  microfabric  electrical  bonding 
between  clay  particles,  mainly  smectite, 

2,  Cementation-chemical  bonding, 

3,  Inaccuracies  in  the  calculation  procedure  for  the 
preconsolidation  stress, 

4,  Mechanical  effects  including  core  di.sturbance, 
remoulding,  and  testing  procedures. 

5,  High  hydrostatic  pressure. 

Discussion 

Fabric  of  Red  Clays 

The  fabric  of  the  red  clays  consists  of  illitic-shale  clasts, 
quartz,  and  authigenic  smectite  accompanied  by  small 
amounts  of  chlorite  and  kaolinite.  Authigenic  smec¬ 
tite  appears  as  diagenetic  by-products  of  volcanogenic 
material.  The  nature  of  the  smectite  is  shown  in  the 


TEM  and  SEM  photomicrographs  (Figs.  41-45).  The 
smectite  revealed  in  the  TEM  consists  of  very  fine, 
thin  sheets  with  their  edges  curled  (Figures  41  and 
42).  The  curling  of  the  smectite  gives  it  a  needle-like 
appearance  and  is  attributed  to  the  dehydration  pro¬ 
cess  that  the  material  undergoes  during  the  critical  point 
drying  procedures.  The  effects  of  dehydration  on 
smectite  sheets  was  demonstrated  by  Fukushima  and 
others  ( 1 980)  and  their  examples  are  identical  to  those 
shown  in  Figure  18. 

Extensive  microfabric  analysis  during  this  study  has 
shown  that  the  authigenic  smectite  occurs  in  three  forms 
and  is  ubiquitous  throughout  the  red  clay  section.  One 
form  is  extremely  fine-grained  and  x-ray  amorphous 
(Fig.  20).  An  intermediate  form  is  x-ray  detectable 
and  slightly  better  developed  in  size  and  shape  (Fig. 
41),  A  third  form  is  well  developed  in  size  and  shape 
(Figs,  43,  44,  and  45).  Smectite  is  the  common  ma¬ 
terial  that  supports  and  binds  the  shale  clasts  and  pro¬ 
vides  the  necessary  strength  (cohesion)  that  resists  de¬ 
formation  to  the  point  of  rendering  the  sediment 
“overconsolidated. "  Similar  “binding”  material  was 
observed  to  surround  the  large  particles  which  formed 
the  primary  elements  of  the  fabric  in  Mississippi  Delta 
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Figure  37.  Variations  in  void  ratio  (•)  sand-  and  silt- 
size  frac'tion  («)  and  percent  quartz  ((\)  with  depth  in 
core  for  Hole  576A  sediment. 


clays  (Bennett  and  others  1977,  p.  66).  This  binding 
material  was  observed  in  TEM  .stereographs. 

The  pre-Miocene  red  clays  consist  of  up  to  70  per¬ 
cent  authigenic  smectite  and  30  percent  aoelian  quartz 
and  shale  clasts.  Lyle  (1979)  alluded  to  the  presence 
of  smectite  in  the  Pacific  Basin.  He  theorized  that 
amorphous  Fe-Mn  oxyhydroxides  recrystallize  into 
iron-rich  smectite  and  manganese  micronodules.  The 
majority  of  the  amorphous  material  present  in  the  red 


Figure  38.  T.E.M.  photomicrograph  of  DSDP  Leg  16  red  clay, 
143  m  subbottom.  The  clay  is  Cretaceous  age  and  consi.Ms  of 
smectite,  illite,  clinoptilolite.  quartz,  and  other  minerals.  Scale  Bar 
=  I  fim. 


clays  examined  by  Leinen  (1985)  may  be  the  micro¬ 
crystalline  smectite  shown  in  Figure  20.  Repeated  at¬ 
tempts  to  identify  this  material  by  selected  area  dif¬ 
fraction  (SAD)  proved  to  be  fruitless  because  of  the 
small  crystal  size.  The  identification  of  authigenic 
smectite  is  based  soley  on  transmission  electron  mi¬ 
croscope  and  scanning  electron  microscope  observa¬ 
tions  of  the  morphology  which  is  supported  by  ob¬ 
servations  of  smectite  by  Welton  (1984).  The  binding 
strength  of  smectite  lies  in  its  large  surface  area  (ac¬ 
tively  e.g.,  large  CEC)  relative  to  its  total  volume. 
The  smectite  sheets  may  be  only  2  to  5  layers  thick, 
but  the  total  exposed  surface  area  relative  to  its  mass 
is  very  large. 

Examination  of  the  major  constituents  of  the  sedi¬ 
ment  and  their  contribution  to  the  fabric  and  the  strength 
of  the  clay  system  provides  considerable  information 
regarding  the  nature  of  the.se  clay  deposits.  The  most 
significant  component  of  the  clays  are  the  shale  clasts. 
They  form  the  main  body  of  the  clay  fabric.  How¬ 
ever,  unlike  fluvial  detrital  or  shcet-like  illitic  clays, 
the  well  rounded  shale  clasts  do  not  interact  with  each 
other  to  form  a  randomly  arranged  domain  fabric  as 
is  depicted  in  Figures  5  and  23,  which  is  typical  of 
many  marine  deposits  (Bennett  and  others  1977).  In¬ 
stead  the  shale  clasts  appear  to  be  suspended  in  the 
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Figure  41.  T.E.M.  photomicro¬ 
graph  of  smectite  fabric  from  Core 
2,  Section  2  (21  m  subbollom). 
Hole  576A.  Contrast  development 
of  smectite  in  this  figure  with  that 
in  Figure  20.  Scale  Bar  =  0.5  pm. 


smectite  and  other  materials  and  this  microfabric  may 
be  explained  by  the  shape  of  the  clasts.  In  all  pho¬ 
tomicrographs  taken  the  clasts  display  a  high  degree 
of  roundness.  Rounding  may  be  due  to  abrasion  or 
chemical  degradation  during  transport  processes  and/ 
or  the  aeolian  history  of  the  clasts.  The  presence  of 
round  clasts  may  be  attributed  to  a  sorting  process 
during  aeolian  transport.  In  any  case,  the  rounding 
produces  an  unusual  effect;  it  essentially  exposes  pre¬ 
dominately  the  edges  of  the  individual  clay  sheets. 
The  broken  ends  of  an  illite  particle  often  carry  a  small 
positive  charge.  Figure  46  shows  that  regardless  of 
the  shape  of  the  particle,  the  edges  of  the  clay  layers 
are  predominately  exposed  in  a  particle  that  has  a  high 
roundness  factor.  This  in  essence  inhibits  the  mutual 
attraction  or  interparticle  bonding  of  the  clasts  but 
would  promote  their  interaction  with  the  face  (flat 
portion)  of  the  smectites  and  sheet-like  illite  particles 
as  observed  in  the  micrographs.  The  results  are  that 
the  shale  clasts  are  dispersed  within  the  fabric  and  are 
supported  by  the  authigenic  smectite.  The  small  end 


charge  of  the  illite  particles  may  actually  induce  re¬ 
pulsion  between  the  clasts.  There  also  may  be  a  sym¬ 
biotic  relationship  between  the  shale  clasts  and  the 
smectite  in  that  the  clasts  may  act  as  catalysts  for  the 
precipitation  of  the  smectite  on  the  surface  of  the  il- 
lite. 

A  series  of  models  depicting  the  fabric  of  North 
Pacific  Basin  Pleistocene  red  clays  is  presented  in 
Figures  47  through  49.  In  each  case  the  proceeding 
figure  represents  a  section  which  is  one  order  of  mag¬ 
nitude  smaller  than  the  following  figure.  Figure  47(A) 
depicts  the  fabric  of  a  section  10“^  m  square.  The 
quartz  is  represented  by  small  spheres.  In  all  cases 
the  amount  of  material  shown  as  quartz  is  in  propor¬ 
tion  to  the  amount  present  in  a  real  sample.  Figure 
47(b)  represents  the  fabric  of  a  section  10“’  m  square. 
This  Figure  shows  that  the  quartz  is  necessarily  dis¬ 
persed  throughout  the  fabric  due  to  its  low  concen¬ 
trations.  The  supporting  agent  is  authigenic  smectite. 
Figure  48(A)  represents  an  area  10 m  square.  This 
figure  shows  the  relationship  between  the  shale  clasts 
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Figure  42.  T.E.M.  photomicro¬ 
graph  of  smcclilc.  same  section  as 
in  Figure  41 .  Scale  Bar  =  0.1  gm. 


as  has  been  depicted  in  the  electron  photomicro¬ 
graphs.  Part  of  a  quartz  particle  is  shown  in  the  upper 
right-hand  corner  of  the  figure.  The  shale  clasts  dis¬ 
played  represent  their  true  concentration  in  thin-sec- 
tion.  The  shale  clasts  are  held  together  by  authigenic 
smectite.  Figure  48(B)  covers  an  area  10  m  square. 
The  relationship  of  the  smectite  and  shale  clasts  are 
illustrated  as  well  as  the  sparce  nature  of  the  clasts  in 
a  80  percent  porosity  sediment.  Figure  49(A)  and  (B) 
represent  areas  10  m  square  and  10  ^  m  square. 
Figure  49(B)  shows  a  portion  of  shale  clast  with  au¬ 
thigenic  smectite  appearing  in  close  contact.  Similar 
models  of  the  pre-Plio-Pleistocene  red  clays  would 
consist  of  mostly  smectite.  Both  quartz  and  illitic-shale 
clasts  would  appear  in  minor  amounts  relative  to  the 
smectite. 

It  appears  that  the  three  forms  of  smectite  are  the 
major  factors  that  control  the  physical  properties  of 
red  clays.  The  shale  clasts,  quartz,  and  other  partic¬ 
ulate  material  act  as  fillers  which  shorten  the  smectite 
links  thus  strengthening  them  and  in  the  process  es- 


tabli.sh  a  strong  fabric  that  imparts  an  overcon.soli- 
dation  characteristic  with  a  very  low  permeability.  The 
strong  bonds  thus  established  explain  the  anomalous 
condition  where  the  highest  void  ratios  encountered 
in  Site  576  sediments  occur  where  the  largest  amount 
of  silt-.sized  clay  clasts  are  present.  Examination  of 
the  data  presented  by  the  Geotechnical  Consortium 
(1985)  substantiates  this  interpretation.  They  showed 
that  the  liquid  limit,  plastic  limit,  water  content,  and 
shear  strength  of  red  clays  increased  with  an  enrich¬ 
ment  in  smectite  and  silt-sized  aggregates. 

Origin  of  North  Pacific  Red  Clays 

There  is  unanimity  on  the  continental  origin  of  the 
quartz  present  in  the  North  Pacific  red  clays.  The  nu¬ 
merous  references  sited  in  the  introduction  all  ex¬ 
pressed  the  opinion  that  the  quartz  was  transported  by 
aeolian  processes  from  an  Asian  source,  mainly  the 
loess  deposits  of  Central  and  Eastern  Asia. 
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In  the  pael  the  onem  dI  the  ela\  minerals  in  the  red 
ela\s  has  mn  been  as  eiintniversial  as  the  ttnjtin  ol  the 
ijuart/  I  he  reason  is  that  delrital  quart/  is  easil\  iden- 
tilied  as  aeolian  b\  iiiinearoloitN  aiul  oriitin  while  the 
ela>s  onK  eould  be  identified  b\  mineraloiiN  .  All  the 
ela>  minerals,  eseept  smeetite  and  pal\aorskite.  in  the 
I'aeilie  reil  ela\s  are  probabl\  detrital  minerals  mher- 
iteil  Irom  the  .Asian  eontmeiit  I  he  proeess  h\  uhieh 
the\  are  tr;insporteil  to  the  deep  I’aeilie  basin  h;is  not 
been  well  established  llhte  has  alv\a\s  been  assoei- 
ateii  with  ihe  quart/,  thus  an  aeolian  oriuin  ol  the  illite 
Is  an  aeeejiteil  hvpothesis. 

Ihe  averau'e  mineraloL'ieal  eomposition  ol  the  pre- 
Pliod’leistoeene  reil  elavs  at  .Sites  .s7b  aiul  (il’('-.^  is 
as  lollows: 


Kaolinile  and  Chlorite  S  pereent 
(..)uart/  1 7  pereent 
l  eldspar  b  pereent 
Other  Material  2  pereent 

The  average  mineral  eomposition  ol  pre-.Mioeene  reil 
ela\s  is: 

mile  2.S  pereent 

.Smeetite  iineluiline  x-ray  timorphous  smeetite)  .s.s 
pereent 

Kaolinile  and  Chlorite  pereent 
Uuart/  .s  pereent 
l  elilspar  I  ..s  pereent 
I’ah ttorskile  O  .s  pereent 


llhte  I'J  pereent 
Smeetite  IS  pereent 
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Figure  44.  S.E.M.  photomicrograph  of  well  developed  smectite  panicles.  From  same  area  as  sediment  in  Figure  43.  Scale  Bar  =  S 
pm. 


Amorphous  Material  (excluding  amorphous  smec 

tite)  4  percent 

It  was  recognized  early  that  marine  clays,  in  par¬ 
ticular  illite,  were  derived  from  continental  sources 
(Correns  1939).  Dietz  (1941)  did  suggest,  however, 
that  illite  found  in  samples  from  the  Challenger  Ex¬ 
pedition  were  derived  from  montmorillonite  by  fixa¬ 
tion  of  potassium  ions  in  seawater.  This  reaction, 
however,  is  mainly  dependent  on  high  temperatures, 
large  pressures,  and  time  (Perry  and  Hower  1970, 
1972).  The  authigenic  origin  of  illite  in  surficial  ma¬ 
rine  sediments,  particularly  deep  water  marine  .sedi¬ 
ments  such  as  the  red  clays,  is  now  viewed  as  im¬ 
probable.  The  conversion  of  smectite  to  illite  is, 
however,  an  important  reaction  in  the  thick  sediment 
that  constitutes  the  major  shale  bodies  on  land  as  well 
as  on  the  continental  margin.  Additional  evidence  that 
illite  is  detrital  was  given  by  Hurley  and  others  (1959, 


1963).  They  demonstrated  that  illite  in  recent  sedi¬ 
ments  from  rivers  to  pelagic  deposits  show  clay  frac¬ 
tions  with  potassium-argon  ages  greater  than  100  m.y. 
In  Prospero’s  (1981)  extensive  review  of  aeolian 
transport  of  sediment  to  the  world  ocean,  illite  was 
found  to  be  the  most  prominent  mineral  in  atmo¬ 
spheric  aerosols.  In  the  western  North  Pacific  it  con¬ 
stituted  52  percent  of  the  total  mineral  aerosol.  Quartz 
was  20  percent  and  plagioclase  was  10  percent  of  the 
distribution. 

The  identification  of  illitic  shale  and  argillaceous 
clasts  by  microfabric  analysis  (morphology  and  min¬ 
eralogy)  in  this  study  essentially  establi.shes  that  illite 
in  the  red  clays  is  an  inherited  detrital  mineral. 

Most  of  the  smectite  in  the  North  Pacific  Basin  is 
considered  authigenic  (Hoffert  1980,  Leinen  and  Heath 
1981).  Schoonmaker  and  others  (1985)  suggested  that 
the  diagenetic  imprint  of  authigenic  smectite  on  the 
sediment  composition  of  Site  576  is  significant.  They 
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Figure  45.  .S.E.M.  photomicrograph  of  two  large  particles  suspended  in  a  matrix  of  well  developed  smectite.  Sediment  from  Core  4, 
Section  4  1.14  m  subbtjttom)  of  Hole  576A.  Scale  Bar  =  5  pm. 


base  their  conclusion  on  their  ob.servations  of  the  cor¬ 
relation  of  abundance  and  composition  of  illite/smec- 
titc  mixed-layer  clay:  the  abundance  of  Fe,  Mn,  and 
associated  traee  metals  and  the  presence  of  palygor- 
skite.  Contrasting  views  on  the  origin  of  smectite  at 
Site  576  are  presented  by  Lenotre  and  others  (1985). 
They  suggest  the  absence  of  large  smectite  laths  or 
tufts  typically  developed  from  the  alteration  of  vol¬ 
canic  lava,  ash,  or  glass  indicates  a  detrital  origin  of 
the  smectite.  Other  indications  are  that  palygorskite 
and  smectite  were  not  developed  in  nodules,  concre¬ 
tions.  or  at  specific  levels  but  were  dispersed  com¬ 
pletely  among  the  detrital  minerals.  They  found  no 
relationship  between  the  abundance  of  smectite  or 
palygorskite  and  the  presence  or  abundance  of  mor¬ 
phologically  distinct  volcanic  particles  and  zeolites  such 


as  phillipsite,  or  palagonite.  In  addition,  the  abun¬ 
dance  and  morphology  of  smectite  was  not  correlated 
with  the  presence  or  abundance  of  opaque  minerals, 
micronodules,  iron  oxide,  or  siliceous  debris. 

The  mineralogical  analysis  of  Hole  576A  sediments 
by  Leinen  (unpublished  observations  1985)  (Table  1) 
shows  that  the  total  amount  of  x-ray  detectable  pre- 
Miocene  clays  was  quite  small  while  the  amount  of 
amorphous  material  present  ranges  from  45  to  80  per¬ 
cent  of  total  minerological  content. 

Examination  of  the  microfabric  of  the  Pacific  red 
clays  (Figs.  20  and  22)  reveals  the  presence  of  a  tleecy 
substance  which  is  identified  as  x-ray  amorphous 
smectite.  This  material  is  ubiquitous  throughout  the 
sediment  column  at  Site  576  and  is  the  major  com¬ 
ponent  of  the  pre-Plio-Pleistocenc  .sediments.  The 
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LiKure  46.  Illusiralion  of  crosN-scclioncd.  well-rounded  layered 
particles.  Rettardless  of  shape  and  layer  orientation  the  majority 
of  the  surface  consists  of  exposed  ends  of  the  layered  material. 


A 


smectite  of  the  x-ray  amorphous  material  consisted  of 
extremely  small  sheets,  while  another  form  of  the 
smectite  is  well  developed  and  consists  of  fairly  large, 
individual  sheets.  Contrary  to  suggestions  of  Lenotre 
and  others  (1985)  that  the  absence  of  large  smectite 
laths  or  tufts  indicates  a  delrital  source  for  the  smec¬ 
tite.  the  presence  of  the  extremely  small,  delicate  sheets 
of  x-ray  amorphous  as  well  as  a  fairly  crystalline 
smectite  are  indicative  of  authigenic  processes. 

The  kaolinite,  chlorite,  and  feldspar  in  the  red  clays 
are  of  the  same  origin  as  the  illite,  mainly  windblown 
from  the  Asian  continent.  The  amorphous  material  other 
than  smectite  present  in  the  pre-Plio-Pleistocene  sed¬ 
iments  is  amorphous  metal  oxides.  Iron  oxides  were 
found  to  he  the  primary  source  of  the  other  metal  ox¬ 
ides  (M.  Leinen,  personal  communication  1985).  The 
iron  oxides  are  very  fine  (clay  size),  noncrystalline 
and  are  of  an  authigenic  origin.  The  probable  origins 
of  the  metal  oxides  in  the  pre-Miocene  sediments  as 
outlined  by  Leinen  are: 

I .  During  the  early-mid  Cenozoic,  seawater  in  the 
oceans  was  not  in  equilibrium  with  elements  such  as 
iron  and  manganese.  Consequently,  these  elements 
were  precipitated  and  deposited  at  the  sediment-water 
interface.  The  very  fine-grained  clay  particles  previ¬ 
ously  deposited  at  the  interface  then  provided  nuclei 
for  the  formation  of  fine-grained  metal  oxides. 


id^m 


Figure  47.  Oraphic  presentation  of  generali/.ed  model  of  red  clay  microfahrie:  (A)  Dimension  of  field  Is  |{)  •  m.  Small  circles  represent 
quart/  particles.  Small  square  in  center  of  figure  Is  field  covered  by  Figure  4K:  (B)  Dimension  of  field  is  10  '  m.  (.urge  circles  are  quart/, 
particles. 
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Kigure  48.  Graphic  presentation  of  generalized  model  of  red  clay  microfabric.  (A)  Dimension  of  field  10  ■■  m.  Large  particle  In  apper 
right  represents  quartz  particle.  Small  irregular  black  particles  represent  shale  or  argillaeeous  clasts;  (B)  Dimension  of  field  10  '  m. 
Large  black  particles  are  shale  or  argillaceous  clasts  and  arc  connected  by  smectite  tsupporting  matrix). 


2.  Iron  and  manganese  sulphide  have  been  re¬ 
ported  to  precipitate  at  hydrothermal  vents  and  then 
to  be  transported  for  thousands  of  kilometers  in  the 
North  Pacific.  Such  sulphides  are  unstable  and  with 
time  are  transformed  to  metal  oxides. 

In  summary,  the  red  clays  of  the  North  Pacific  Ba¬ 
sin  consist  of  detrital  illite,  kaolinite,  and  chlorite,  in 
the  form  of  shale  clasts,  detrital  quartz,  feldspar,  and 
authigenic  smectite.  Portions  of  the  smectite  may  be 
detrital  but  the  majority  (including  authigenic  x-ray 
amorphous  smectite)  is  formed  by  in  situ  authigenic 
processes.  Metal  oxides  are  also  present  as  authigenic 
materials. 

Sources  of  the  Red  Clays 

The  paleopositions  of  Site  576  through  time  were  de¬ 
termined  in  order  to  establish  the  specific  source  of 
the  various  minerals  that  make  up  the  red  clay.  Figure 
2  shows  the  backtrack  path  along  which  the  site  trav¬ 
eled  during  seafloor  spreading.  The  points  along  the 
path  make  5  m.y.  intervals.  This  path  was  determined 
using  methods  developed  by  Jarrard  and  Clague  (1977) 
and  by  examination  of  the  path  and  age  of  the  Ha- 
waiian-Emperor  seamounts  (Clague  and  Jarrard  1973). 

The  backtract  path  of  Site  576  indicates  that  the  site 


traveled  northward  from  its  original  position  near  the 
equator  and  arrived  in  close  proximity  to  the  Ha¬ 
waiian  hot  spot  approximately  45  m.y.  ago.  Table  4 
lists  the  quartz  accumulation  rates  of  Hole  576A  sed¬ 
iments.  The  accumulation  rate  at  46  meters,  age  dated 
at  47  m.y.,  is  1.4  g/emVm-y-  In  the  interval  from 
46.01  m  to  39.11  m  the  average  rate  is  1.4  g/cm^/ 
m.y.  This  interval  has  the  lowest  quartz  accumulation 
rate  at  Hole  576A.  Quartz  rates  above  this  interval 
average  2.5  g/cmVni.y.  to  a  depth  of  3 1 .69  m  where 
the  rates  start  to  increase  exponentially. 

In  the  interval  of  low  quartz  accumulation,  smectite 
is  present  in  the  largest  amounts  (Table  I).  Figure  3 
shows  a  large  increase  in  smectite  at  the  31  to  43  m 
interval.  This  increase  is  attributed  to  volcanic  ma¬ 
terial  derived  from  the  Hawaiian  hot  spot.  Low  level 
winds  blowing  from  the  northeast  were  the  transport¬ 
ing  mechanism  of  the  volcanic  material.  Today’s  winds 
at  500  mb  during  the  summer  in  the  region  of  the 
Hawaiian  Islands  are  from  the  northeast  while  the  winds 
at  300  mb  are  from  the  west.  Similar  conditions  dur¬ 
ing  deposition  of  the  intervals  discussed  above  must 
have  taken  place.  The  quartz  and  other  minerals  de¬ 
posited  during  the  interval  from  31  to  47  m.y.  ago 
were  deposited  from  high  altitude  westerly  flow. 

Table  4  and  Figure  4  show  that  quartz  accumulation 
rates  were  almost  constant  up  to  II  m.y.  ago.  At  a 
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Figure  49.  Graphic  representation  of  generalized  model  of  red  clay  mierofabrie:  (A)  Dimension  of  field  is  10  "  m;  (B)  Dimension  of 
field  is  10  m.  Shale  or  argillaceous  clasts  Iblack  field)  covered  with  smectite. 


point  1 1  ni.y.  ago  the  quartz  started  to  increase  and 
the  other  aeolian-derived  sediment  such  as  illites.  ka- 
olinites,  and  chlorites  found  at  Site  576  experienced 
the  start  of  an  exponential  increase  in  accumulation 
rates.  The  position  of  Site  576  at  that  time  was  28°  N 
which  suggests  that  the  site  moved  into  the  full  influ¬ 
ence  of  westerlies  approximately  1 1  m.y.  ago.  In  ad¬ 
dition  it  was  suggested  by  Leinen  (1985)  that  the  in¬ 
crease  in  quartz  accumulation  through  the  Miocene 
and  early  Pliocene  reflect  the  combined  effects  of  in¬ 
creasing  northern  hemisphere  aridity  and  intensified 
atmospheric  activity  as.sociated  with  global  cooling  and 
an  increase  in  the  equator-pole  temperature  gradient. 
The  large  increase  in  quartz  accumulation  started  2.5 
m.y.  ago  and  corresponds  to  a  depth  of  18.7  m  at 
Hole  576A  is  associated  with  the  onset  of  glaciation 
in  the  north.  At  that  stage  Site  576  was  positioned 
above  30°  latitude,  not  far  from  the  maximum  inten¬ 
sity  of  the  westerlies. 

There  is  little  doubt  that  the  dctrital  sediments, 
quartz,  illite,  kaolinite,  and  chlorite,  of  the  Pacific  red 
clays  have  their  source  to  the  west,  but  where  they 
came  from  specifically  is  still  an  open  question. 

During  nonglacial  times  the  inlluence  of  the  west¬ 
erlies  extended  from  25°  N  to  65°  N.  The  tricellular 
theory  of  atmospheric  circulation  predicts  an  easterly 
wind  at  upper  levels  in  middle  latitudes.  Modern  wind 
observations,  however,  reveal  that  in  the  middle  lat¬ 


itudes,  westerly  winds  extend  through  the  entire  depth 
of  the  troposphere  and  into  the  lower  stratosphere. 
During  a  glacial  stage,  the  influence  of  the  westerlies 
is  extended  to  the  south  as  far  as  20°  N  latitude.  In 
addition  the  mean  dune  belt  also  migrates  southward 
from  its  nonglacial  position  (30°  N  latitude)  to  as  far 
south  as  5°  N  latitude.  Thus,  the  combined  effects  of 
the  increase  in  the  magnitude  of  the  westerly  flow  and 
the  migration  of  the  dune  belt  south  as  well  as  the 
large  increase  in  arid  lands  in  the  middle  latitudes  dur¬ 
ing  periods  of  glaciation  set  the  stage  for  a  period  of 
inten.se  aeolian  activity  in  the  Afro-Asian  areas. 

Few  investigators  have  expressed  ideas  on  the  pre¬ 
cise  sources  of  the  quartz  and  clays  of  the  North  Pa¬ 
cific  Basin.  The  Gobi  Desert  and  various  loess  de¬ 
posits  within  China  have  been  inferred  as  major 
sources.  The  loess  deposits  of  China  are,  however, 
an  inadequate  source  for  the  vast  amount  of  sediments 
deposited  in  the  approximately  25,000,000  .sq  km  area 
of  the  North  Pacific  occupied  by  the  red  clays.  Most 
investigators  of  red  clays  endeavor  to  explain  the  source 
of  the  quartz  becau.se  it  is  the  most  obvious  inherited 
detrital  mineral.  However,  the  clay,  and  in  particular 
the  illite.  constitutes  three  times  the  amount  of  sedi¬ 
ment  as  does  the  quartz.  The  source  of  the  illite  is 
then  the  key  to  the  major  source  of  the  red  clays. 

Based  on  the  evidence  of  this  study,  the  main  source 
of  inherited  detrital  clays  is  from  various  shales  lo- 
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Table  4.  Quartz  Accumulatiun  Rales  of  Hole  576A  Samples  (Leinen  and  King  1985) 


Core-section 
(interval  in  cm) 

Sample 

depth 

(cm) 

Quartz 

m 

Age"* 

(m.y.) 

Quartz 

accumulatiun 

rale* 

(g/em’/m.y.) 

1-1,  21-25 

23 

16.63 

0.26 

237.0 

l-.t.  81-85 

383 

18.11 

0.53 

254.0 

1-  6. 

831 

15.52 

0.87 

166.0 

2-3.  47-50 

1219 

17.35 

1..12 

129.0 

3-1,  47-50 

1869 

13.06 

2..56 

47.0 

3-3  7()_73 

2191 

8.87 

3.59 

.13.0 

.1-4,  117-120 

2.189 

11.66 

4.39 

.17.0 

.1-5.  127-1.10 

2549 

0.02 

5.86 

8.3 

1-6.  110-111 

2681 

14.64 

7.60 

14.0 

4- 1 .  50-51 

2821 

10.02 

0.44 

10.0 

4-2.  10.1-106 

3025 

8.57 

12.13 

7,2 

4-1.  98-101 

3160 

5.81 

14.03 

4.8 

4-4.  1(M-I07 

3325 

5.86 

16.35 

2.7 

4  -5.  20-21 

3301 

4.25 

17.04 

2.0 

4-6.  60-61 

3581 

5.31 

25.00 

2.5 

5  1.  87-00 

3800 

5.16 

28.00 

2.5 

5-2,  40-41 

.1911 

1.76 

31.00 

0.8 

5-1.  .10-11 

405 1 

2.64 

34.00 

1.3 

5-5.  137-140 

4450 

4.67 

44.00 

2.4 

1 

o 

>c 

1 

VY 

4601 

2.88 

47.00 

1.4 

.5-7,  25-28 

4646 

6.18 

48.00 

3.0 

6-1. 90-91 

4761 

3.96 

51.00 

1.9 

6-2,  47-50 

4860 

4  21 

54.00 

2.0 

6-3.  9.1-96 

5065 

4.81 

58.00 

2.4 

6-4.  11-14 

51.12 

6.12 

60.00 

3.2 

6-5.  12-15 

5283 

5.41 

64.00 

2.8 

6-5.  127-13 

5399 

4.54 

66.00 

2.4 

6-6.  17-20 

54.19 

5.29 

Carbonate  turbidites 

6-7.  22-25 

5593 

3.91 

Carbonate  turbidites 

7-1,  1.17-140 

5759 

4.16 

Carbonate  turbidites 

7-2,  22-25 

579.1 

5.50 

Carbonate  turbidites 

7-3.  17-20 

5939 

6.46 

Carbonate  turbidites 

7-3.  35-38 

5046 

3.51 

Carbonate  turbidites 

‘Determined  by  interpolation  between  paleomagnetic  datums  for  0-24.76  m  and  by  interpolation  between  ichthyolith  datums  for  24.76- 
54.0  m. 

"Mass  accumulation  rales  for  sample  depths  were  interpolated  from  data  in  Table  2. 


cated  in  the  arid  zones  of  North  Africa  and  Central 
Asia  and  subsequently  transported  by  erosion  and  the 
westerlies. 

Based  on  the  above  hypothesis,  the  red  clays  would 
have  a  mineral  composition  similar  to  that  of  shale. 
The  average  mineralogical  composition  of  34,516  shale 
samples  from  the  Russian  Platform  compiled  by  Yaa- 
lon  (1962)  was  determined  to  be: 

Clay  minerals  61.3  percent 

Quartz  19.3  percent 

Feldspar  8.0  percent 

Carbonates  7.3  percent 

Fe-oxides  2.3  percent 

Other  2.2  percent 


The  average  mineral  composition  of  the  detrital  por¬ 
tion  of  the  Plio-Pleistocene  sediments  of  the  red  clays 
at  Sites  576  and  GPC-3  is: 

lllite  49  percent 

Kaolinite  and  Chlorite  8  percent 

Quartz  17  percent 

Feldspar  6  percent 

Others  2  percent 

(Smectite)  authigenic  18  percent 

The  average  mineralogical  composition  of  the  detrital 
sediments  of  the  red  clays  and  the  average  shales  of 
Asia  are  almost  identical  except  for  the  carbonates  in 
the  Asian  shale.  If  the  carbonate  fraction  of  the  shale 
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was  deposited  in  the  North  Paeifie  Basin  along  with 
the  other  minerals  it  would  have  dissolved  as  it  sank 
below  the  carbonate  compensation  depth.  A  good 
comparison  is  rendered  in  the  ratios  of  quartz  to  clay 
minerals  (Asian  Platform  31  versus  red  clays  .30)  or 
similarily  within  one  percent. 

Figure  50  displays  the  average  mineralogical  com- 
pos'tion  of  the  Plio-Pleistocene  red  clays  at  Hole  576A 
and  GPC-3,  Asian  shale  and  Barbados  dust  from  Af¬ 
rica.  The  sediments  from  these  three  areas  have  sim¬ 
ilar  mineralogy. 

Prospero  ( 1981 )  alluded  to  the  connection  between 
mineral  aerosols  which  have  an  elemental  composi¬ 
tion  similar  to  that  of  a  winnowed  average  crustal  ma¬ 
terial  that  is  similar  to  shale  in  composition.  But  he 
stated  that  he  did  not  want  to  imply  that  the  dust  is 
derived  from  shale,  but  that  both  had  gone  through  a 
winnowing  process.  In  the  case  of  shale  the  winnow¬ 
ing  agent  is  water,  while  for  mineral  dust  (aerosol)  it 
is  wind.  Prospero  (1981)  states  that  the  effect  of  win¬ 
nowing  is  evident  in  the  concentrations  of  Si  and  Al 
in  the  end  product.  The  average  Si/Al  ratio  for  the 
continental  crust  is  3.43,  for  .shales,  2.97,  deep-sea 
clay  2.98,  and  Saharan  dust  2.95.  He  recognized  the 
rather  .striking  similarity  in  the  Si/Al  ratio  of  the  three 
end  products,  shales,  deep-sea  clay  and  Saharan  dust. 
The  Si/Al  ratio  of  red  clays  at  Site  576  was  found  to 
fluctuate  between  3.20  to  3.46— a  range  that  covers 
the  ratio  of  continental  crust  (3.43). 

In  an  attempt  not  to  minimize  the  differences  in 
comparing  the  characteristics  of  mineral  aerosols,  shales 
and  deep-sea  clays,  Prospero  compared  the  boron 


Figure  50.  Bar  graphs  of  the  average  composition  of  Hole  576A. 
Asian  shales  and  Barbados  dust,  (’*')  Asian  shale  average  from 
Yaalon  1 1962).  Barbados  dust  data  from  Prospero  (19SI). 


concentration  in  mineral  aerosol  (53  ppm)  with  that 
of  the  shales  and  deep-sea  clay  (230  ppm).  He  con¬ 
cluded  that  the  mineral  aerosol  is  not  a  remobilized 
sediment  from  a  marine  depositional  environment,  al¬ 
though  such  a  source  could  not  be  precluded  in  some 
areas.  However,  shales  and  deep-sea  clays  have  a 
similar  boron  concentration,  supporting  the  idea  that 
one  may  be  derived  from  the  other. 

Broecker  and  Peng  (1982)  published  data  (Table  5) 
concerning  the  chemical  composition  of  average  ba¬ 
salt,  granite,  igneous  rock,  shale,  and  red  clay.  They 
.state  that  when  they  compared  the  composition  of  deep- 


Table  5.  Comparison  of  ihc  Chemical  Comp‘>sllion  of  Average  Igneous  Rwk  (Equal  Paris  Granite  and  Basalt)  with  the  Chemical  Com¬ 
positions  of  Shale  and  Red  Clay.  (Concentrations  are  in  Parts  per  Million  by  Weight.)  Note  the  Large  Excesses  of  Mn,  Ni,  Co,  Cu.  and 
Ee  in  red  clays.  After  Broecker  and  Ping  (1982) 

Average  576A 


Element 

Basalt 

Granite 

igneous 

riK'k 

Shale 

Red 

clay 

Red 

clay 

Na 

26,{KX) 

IS.(KK) 

22,(HK) 

lOXXK) 

I5,0(M) 

4.000 

K 

X.tKX) 

42.(XH) 

25  .(HK) 

27,(XK) 

25. (XX) 

26.(XX) 

Rb 

30 

170 

100 

140 

110 

no 

Cs 

1 

4 

3 

5 

6 

6 

Mg 

46.(MH) 

l.6(K) 

24,0(K) 

I5,(HX) 

21. (XX) 

2().(X)0 

Cu 

76,(KK) 

5.(HX) 

40.(HX) 

22. (XX) 

29,0(K) 

4.500 

Sr 

470 

l(K) 

290 

3(X) 

ISO 

133 

Ba 

330 

840 

590 

580 

2,3(X) 

l(X) 

Fc 

S6.(KK) 

I4.(XX) 

50.(XX) 

47.(XX) 

65. (XX) 

46.(XX) 

Mn 

1 .5(H) 

4(X) 

950 

850 

6.7<X) 

450 

Ni 

130 

5 

70 

70 

225 

119 

Co 

50 

1 

25 

19 

74 

83 

Cu 

90 

10 

50 

45 

250 

218 

Cr 

170 

4 

90 

90 

90 

60 

Th 

4 

18 

11 

12 

12 

29 

Vol.  8.  No.  4.  19S8 


2.49 


sea  red  clays  with  that  of  shale,  the  agreement  was 
good  except  for  barium  and  the  elements  enriched  in 
manganese  nodules.  It  was  emphasized  that  this  en¬ 
richment  in  deep-sea  clays  relative  to  shale  dws  not 
apply  to  all  trace  metals.  Chromium  and  thorium  are 
examples  of  metals  that  do  not  show  an  anomaly.  The 
Ba  concentration  listed  for  red  clays  in  Table  .4  must 
be  a  mistake;  it  is  an  order  of  magnitude  too  high. 
Included  in  Table  5  is  the  chemical  composition  of 
red  clay  at  Site  576  as  determined  from  data  published 
by  Heath  and  others  (1985)  and  Schoonmaker  and 
others  ( 1985).  The  values  in  the  table  are  average  val¬ 
ues  for  Plio-PIcistocene  red  clays.  These  values  match 
the  values  for  shale  better  than  they  match  the  red 
clays  in  column  5. 

Lerman  ( 1 979)  measured  the  '“0/'''0  ratio  of  quartz 
found  in  Hawaiian  soils  and  Pacific  Ocean  sediments. 
He  found  that  the  "'0/''’0  ratio  for  the  quartz  mea¬ 
sured  consistently  between  S'^O  =  -rl6  and  +\')7< 
(relative  to  standard  ocean  water).  These  "'0/'‘’0  ra¬ 
tio  values  overlap  tho.se  of  quartz  found  in  shales  of 
different  geologic  ages  (8'"0  between  4- 17  and  +24';f ). 
From  these  associations  Lerman  concluded  that  the 
quartz  occurring  in  Hawaiian  soils  and  the  pelagic 
sediments  of  the  Pacific  Ocean  is  likely  to  have  been 
derived  by  erosion  from  older  shales  and  transported 
by  wind. 

The  evidence  presented  strongly  suggests  that  the 
source  of  the  detrital  minerals  of  the  red  clays  is  the 
shales  of  the  Afro-Asian  area.  Because  shales  are  the 
most  common  sedimentary  rock  it  would  be  impos¬ 
sible  to  identify  the  precise  source  areas  of  the  red 
clays  in  Africa  and  Asia.  To  state  categorically  that 
all  detrital  minerals  found  in  the  red  clays  were  tran.s- 
ported  by  wind  would  be  misleading.  There  is  no  doubt 
that  portions  of  the  detrital  component  of  the  red  clays 
are  transported  by  tluvial  and  ocean  current  systems. 
However,  the  amount  is  obviously  very  small.  During 
the  Pleistocene  the  areas  in  eastern  Asia  that  fell  un¬ 
der  the  intlucnce  of  the  westerlies  were  extremely  dry 
suggesting  that  the  amount  of  runoff  from  precipita¬ 
tion  to  the  ocean  was  much  less  than  It  is  today.  Run¬ 
off  of  glacial  meltwaters  was  not  present  to  any  de¬ 
gree  in  China.  Unlike  areas  such  as  the  Gulf  of  Mexico 
where  glacial  runoff  increased  the  amount  of  sedi¬ 
ments  delivered  to  the  sea  by  a  factor  of  100  com¬ 
pared  to  today's  accumulation  rates,  areas  in  eastern 
Asia  such  as  the  area  drained  by  the  Huang  Ho  were 
less  active  than  today. 

Recent  observations  by  G.  Keller  (personal  com¬ 
munication  1985)  indicated  that  95  percent  of  the 
present  sediments  coming  from  the  Huang  Ho  in  China 
are  deposited  within  about  10  miles  of  the  mouth  of 
the  river.  Those  not  deposited  must  survive  the  jour¬ 
ney  across  a  back-arc  basin  and  over  the  Japan  Trench 


before  they  can  be  picked  up  and  transported  by  the 
Kuroshio  and  North  Pacific  current  to  areas  of  the  North 
Pacific  Basin. 

In  general  the  amount  of  continental  sediment  that 
finds  its  way  to  the  deeper  parts  of  the  world's  oceans 
transported  by  txtean  currents  is  extremely  small.  Most 
terrigenous  sediments  are  deposited  on  the  continental 
margins  or  on  the  abyssal  plains  adjacent  to  the  mar¬ 
gins.  An  example  of  this  is  the  Gulf  of  Mexico,  a 
semienclosed  basin,  where  sediments  accumulate  at 
the  rate  of  .40  cm/yr  on  the  Mississippi  Delta  while 
the  accumulation  rate  in  the  deeper  portions  of  the 
basin  are  less  than  10  cm/ 1 000  yr  and  consists  of  70 
percent  foraminiferal  ooze. 

The  amount  of  noncarbonate  and  nonaeolian  trans¬ 
ported  detrital  material  in  the  Plio-Pleistix;ene  red  clays 
is  considered  insignificant  and  probably  not  measur¬ 
able.  The  classic  idea  that  the  majority  of  the  red  clay 
sediments  deposited  in  the  deeper  portions  of  the 
world's  oceans  consist  of  degraded  material  from  pe¬ 
lagic  prcKcsses  and/or  individual  clay  particles  or  Bixts 
that  are  transported  by  tluvial  and  ocean  current  sys¬ 
tems  is  incorrect.  The  direct  evidence  indicates  that 
the  red  clays  of  all  the  world's  oceans  consist  pre¬ 
dominantly  of  aeolian  transported  shale  or  argilla¬ 
ceous-clasts  and  les.ser  amounts  of  quartz  or  in  siin 
authigcnic  smectite,  volcanogenic  materials,  and 
amorphous  metal  oxides. 

Red  Clays  Redeflned:  The  Pacific  Basin  as  a 
Model 

A  major  objective  of  this  study  has  been  to  gain  an 
in-depth  understanding  of  the  fundamental  physical 
and  mincralogical  nature  and  origin  of  deep  sea  red 
clays  with  emphasis  on  the  Pacific  Ocean  Basin.  Kx- 
tensivc  deep  sea  sediment  coring  and  sampling  was 
carried  out  in  the  Pacific  Basin  by  numerous  aca¬ 
demic  in.stitutions.  industrial  research  groups,  and  the 
Deep  Sea  Drilling  Project  during  the  past  two  decades 
and  has  provided  a  wealth  of  material  and  technical 
data  for  research  and  synthesis.  Numerous  earlier 
studies  of  aeolian  material  and  aerosol  particulates  has 
added  immensely  to  the  databases  and  to  our  under¬ 
standing  of  the  significance  of  windblown  material  from 
continental  land  masses  to  the  world's  ocean  basins. 
This  study  has  drawn  extensively  upon  results  of  the 
earlier  investigations  which  through  synthesis  of  the 
various  studies  has  clearly  shown  repeated  confusion 
and  contradiction  of  not  only  the  definition  of  red  clays 
but  also  of  their  origin,  physical,  and  major  miner- 
alogical  nature.  With  the  advent  of  the  Transmission 
Electron  Microscope  (TEM)  and  Scanning  Electron 
Microscope  (SEM),  a  new  perspective  and  insight  of 
red  clays  has  been  made  possible. 
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Figure  51.  Mosaic  of  T.K.M 
photomicrographs  illustrating  the 
nature  of  the  fabric  of  clay  from 
Bootlegger  Cove.  Alaska.  .Scale  Bar 
=  10  |im. 


This  study  has  clearly  shown  the  important  contri¬ 
bution  of  windblown  terrigenous  rock  fragments  and 
minerals  to  the  ocean  basins  in  the  depositional  his¬ 
tory  of  red  clays.  The  red  clays  of  the  Pacific  Basin 
are  characterized  by  varying  amounts  (percentage  by 
weight)  of  authigenic  and  detrital  smectites,  aeoiian 
shale  clasts  and  quartz,  small  percentages  of  other  clay 
minerals,  and  occasionally  zeolites.  Cretaceous  red 
clays  commonly  have  an  abundance  of  smectite  either 
detrital  and/or  authigenic  as  determined  by  x-ray  dif¬ 
fraction  analysis  and  TEM  observations,  in  contrast 
to  Pleistocene  red  clays  that  are  characterized  by  an 
abundance  of  aeoiian  shale  clasts  with  considerably 
lesser  amounts  of  smectite.  The  smectite  of  the  Cre¬ 
taceous  deposits  from  Site  163  .southwest  of  Hawaii 
appear  to  consist  of  considerable  amounts  of  detrital 
smectite  in  the  form  of  floccules  and  linking  chains. 
In  contrast,  the  Cretaceous  deposits  of  Site  576  have 
an  apparent  abundance  of  authigenic  smectite.  The 
amount  of  authigenic  smectite  is  largely  determined 
by  the  availability  of  silica,  aluminum,  and  associated 
elements  which  were  readily  available  during  the  de¬ 
positional  history  of  Site  576  Cretaceous  red  clays. 
Volcanic  processes  associated  with  the  Hawaiian  hot 


spot  could  have  provided  the  essential  mineraiogical 
ingredients  necessary  for  the  formation  of  authigenic 
smectite  at  Site  576  (see  section  on  Sources  of  Red 
Clays).  Sources  of  Site  163  red  clays  were  probably 
dominated  by  aeoiian  processes  with  only  minor  in¬ 
fluences  of  volcanic  activity.  The  relative  abundance 
of  smectite  versus  silt  size  shale  clasts  and  quartz  and 
the  microfabric  largely  controls  the  physical  and  me¬ 
chanical  properties  of  the  red  clays.  The  high  bonding 
strength  of  smectite  in  concert  with  its  “ultra-fine 
grained”  particle  size,  results  in  a  deposit  that  greatly 
resists  compaction  and  severely  reduces  permeability 
thus  inhibiting  the  consolidation  process.  Porosities 
arc  commonly  equal  to  or  greater  than  75  percent, 
indicative  of  an  open  microfabric  characterized  by  large 
voids  as  observed  in  the  numerous  TEM  and  SEM 
micrographs. 

Revised  Description  of  Red  Clays 

Red  clays  occur  in  deep  sea  environments  distant  from 
continental  land  masses  and  at  ocean  depths  well  be¬ 
low  carbonate  dis.solution.  The  typical  “clean"  red  clays 
are  virtually  free  of  calcium  carbonate  but  become  di- 


I'igurv  52.  linlarycd  portion  of  mosaic  ot'  Bootlegger  0>ve  elay.  l-igure  51.  Scale  Bar  =  5  pm. 


luted  and  "dirty"  with  increasing  amounts  of  ealeiuni 
carbonate  debris.  The  most  abundant  mineralogical 
components  are  authigenie  and  detrital  smectite,  aeo- 
lian  shale  clasts  of  illite.  chlorite,  and  kaolinite  in 
variable  proportions,  quartz,  and  minor  contributions 
of  zeolites.  Porosities  arc  generally  greater  than  7.5 
percent  and  permeabilities  are  very  low'  (k  =  10  ''  to 
10  cm/see).  Typically  the  red  clays  resist  consol¬ 
idation  by  virtue  of  tbe  high  bonding  strength  of  the 
smectite  and  the  low/  permeabilities.  Windblown  illite 
shale  clasts  and  quartz,  are  ubiquitous,  but  vary  from 
deposit  to  deposit  in  absolute  percentages. 

Shale  Clasts  Ob.servaliuns  in  the  Marine 
Knvironment 

During  the  course  of  this  study.  TKM  and  SKM  mi¬ 
crographs  of  clay  fabric,  representative  of  several  ma¬ 
rine  environments,  were  examined  for  possible  pres¬ 


ence  of  shale  clasts.  The  objectives  were  to  assess  the 
relative  importance  of  shale  elasts  and  indurated  clay 
aggregates  in  ( I )  a  variety  of  depositional  environ¬ 
ments.  (2)  detrital  versus  aeolian  deposits,  and  (.7)  to 
determine  if  “fractillite"  like  particles  were  observa¬ 
ble  in  TEM  mierographs  representative  of  deposits  that 
arc  totally  distinct  from  red  clays.  From  a  broad  per¬ 
spective  a  "first  order"  assessment  was  made  to  de¬ 
termine  if  "fractillitcs"  could  be  used  as  a  "finger¬ 
print"  for  the  presence  of  shale  and  argillite  source 
material  in  marine  deposits.  Thus  an  assessment  of 
the  volumetric  importance  of  terrigenous  mud  rocks 
as  source  materials  of  marine  sediments  could  be  ini¬ 
tialed. 

Sediment  samples  from  the  “BtKrtIcgger  Cove  Clay" 
were  examined  by  TEM  and  compared  with  SEM  mi¬ 
crographs  (sediment  samples  and  micrographs  pro¬ 
vided  by  H.  R.  Schmoll  and  H.  Olsen,  U.S.G.S.). 
The  "Bootlegger  Cove  Clay"  is  described  as  a  quar- 
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l-iuurt'  5.'.  S  I  \1  plmlninunijjr.n'h  i>l  Cove  ckiv  illusinilinu  Ihc  Linic  .iiiioiiiils  ol  .ij;};rf!;;ilcs  pix'scnl  ;iikI  llic  ii;iliirc  ol  iIk- 

MipportiiiL'  tl.ix  in.iiriv  Si.ik'  H.ii  Ml  fiin 


tciiKirv  i;l;n.'io-nuirinc  dcposii  that  occurs  ii)  the  I  iir- 
i)ii;an  Arm-Aiichorai’c.  Alaska  area.  The  material  has 
a  hieh  silt  content  atul  is  rclatucis  coarse  in  respect 
to  typical  marine  cla>  ileposits.  'I'l-.M  micrographs  re- 
\ealeil  numerous  "liactillites"  in  a  generally  dense 
microlabric  cla>-matri\  (l  ijiure  .'si  ).  The  “Iractillites” 
shale  clasts  made  up  the  greatest  proportion  ol  the 
coarse  clay  to  line  silt.  .Numerous  pieces  ol  the  largest 
■■|raclilhtes"  were  removeil  hy  the  microtome  process 
il  ieure  .'s2i.  Sl-..\1  niicrottraphs  reveal  the  coarse  na¬ 
ture  ol  the  "Hootleei’er  Cove  Clay”  anil  the  presence 
ol  dense  well  rounded  attereeales  il  ijture  .'s.^l.  Quail/ 
Iraimienls  are  also  visible.  The  general  microlabric  ol 
this  deposit  il  leure  .>41  was  described  earlier  by  L'p- 
dike  and  others  (  I'lSbi. 

A  I'leistocenc  marine  ileposit  Irom  the  .Mississippi 
Delta  (  I4.S  m  subbottomi  reveals  several  "Iractillites” 
in  hiehly  consolidated  illitic-smectite  clay  (l  iiiure 
anil  .''bi.  The  deeree  ol  consolidalion  is  depicleil  by 
the  hiehly  oriented  clay  particles  and  low  porosity. 
An  enlarL’ement  ol  a  sinyle  “Iraclilliie”  sampled  121 


m  subbollom  reveals  a  typical  conchoidal-type  Irac- 
ture  pattern. 

.A  clayey  sediment  recovered  Irom  Site  440  Japa¬ 
nese  Trench  Inner  Slope  1.^  m  below  subbollom  re¬ 
veals  several  “Traclilliles"  iT'ijtiire  51).  suspended  in 
the  Tine-Brained  malri.x  conlaininu  abundant  orBanic 
debris.  These  microBraphs  reveal  the  ubiquitous  na¬ 
ture  ol  "Traclilliles”  in  the  various  lerriBenous  depos¬ 
its. 

I'otiMtlidalion 

The  consolidalion  characteristics  ol  ihe  I’lio-I’leisto- 
cene  sediments  Irom  .Siles  51(^  and  CK'-.J  indicated 
that,  no  matter  how  it  was  dele'inined.  the  precon¬ 
solidation  stress  was  always  hiBher  by  a  Taclor  oT  Irom 
2  It)  than  Ihe  elleclive  overburden  stress.  The  ov¬ 
erconsol  illation  stale  ol  Plio-I’leisiocene  sedimenis  at 
these  sites  has  been  altribuled  by  other  w  riters  to  aBe. 
slow  rales  ol  sediment  accumulation,  extremely  slroiiB 
inlerpiirticle  bonds,  anil  cementation  by  iron  oxides 


I  iuurc  54.  S  I,  M  plu»u»inicn>i’r;iph  »>!  HiMiilciiycr  C'ovc  clii\  NdIc  ihc  tiKV-U>-t;icc  (.ItMiuiins  Ihal  surnuuul  ihc  lariicr  ajiyrcjialcs.  Scale 
har  in  ^tn 

<>i  silkiHlXiilcv  14S3.  (iciilcclinicul  (  onsurtium  19X5).  Iven  rcmovcil  hy  erosion.  Thus  there  is  a  eertain 

I  he  slate  ol  eonsolidation  ol  pre-l*lio-Pleistoeene  amount  o(  eonlusion  about  what  e»>nsiitutes  trvereon- 

seilmients  (.^l)-55  m)  suhbotloin  depth  ranged  I'rom  solidation.  As  Dadey  suggests,  any  phenomenon  i»r 

overeonsolidateil/normally  eonsolidated  to  undereon-  material  properly  which  gives  rise  to  greater  strue- 

solidated.  depending  upon  the  method  used  to  deter-  tural  integrity  or  tenacity  than  originally  hyptithe- 

mme  the  preconsolidation  stress.  It  is  suggested  here  sized  Idr  terrestrial  sediments  by  early  researchers  in 

that  a  state  ol  o\erconsolidation  exists  lor  all  North  soil  mechanics  will  result  in  anomalously  high  over- 

I’acilic  red  clay  sediments.  This  is  based  on  the  as-  consolidation  rates  and  dilierences.  because  tradi- 

sumpiion  that  the  trend  ol  the  oxerconsolidation  dil-  tional  theories  and  analyses  do  not  account  Idr  any 

lerence  (OCD)  results  Irom  the  use  ol  preconsolida-  type  of  extraordinary  strength.  It  becomes  apparent 

lion  stress  as  measured  by  f’,',  correlates  with  other  that  attempts  to  utilize  the  red  clays  ol  the  Paeil'ic  as 

physical  properties,  such  as  xoid  ratio  and.  in  panic-  a  standard  accreting  clay  section  to  which  all  other 

ular.  compression  index.  sections  and  geotechnical  properties  could  be  com- 

Dadey  ( IdS.^)  examined  samples  Iron)  similar  areas  pared  has  to  be  abandoned  in  the  light  ol  the  unusual 

anil  staled  lhal  the  value  ol  the  preconsolidalion  stress  nature  ol'  these  de|iosiis. 

estimated  Irom  consolidation  test  results  was  in  ex¬ 
cess  ol  the  calculated  overburden  stress  and  the  sed-  Coni'lusions 
imenis  examined  were  reported  as  overconsolidated. 

but  the  sediments  were  not  overconsol idaled  in  the  l-.vidence  provided  by  the  geotechnical,  mineralogi- 

iradiiional  sense,  i.e..  they  have  never  sustaineil  a  stress  cal.  and  microsiructural  analysis  of  red  clays  Irom  the 

greater  than  lhal  which  they  are  presently  experienc-  North  Pacil'ic  liasin  result  in  the  lollowing  conclu- 

ing.  I  his  assumes  that  preexisting  overburden  had  not  sions: 
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Ki);ure  55.  T.Ii.M.  phtiloniicrotirjph  oC  Mississippi  Delta  scJinicnls  rccovereJ  at  a  depth  t>i‘  121)  ni  suhbottnni.  The  tahrie  ttfthis  material 
is  dense  and  nrientated.  The  sediment  is  composed  of  smectite  and  illite  and  contains  "I’ractillites"  in  the  upper  portion  of  the  photograph. 
.Scale  Bar  =  I  pm. 


Figure  56.  T.K.M.  photomicrograph  of  a  large  "fraclillite. "  This 
material  is  from  the  Mississippi  Delta  and  recovered  from  a  depth 
of  121)  m  subbottom.  Scale  Bur  =  I  pm. 


1.  The  main  constituents  of  the  red  clays  of  the 
North  Pacific  Basin  arc  illile-rich  argillaceous  or  shale 
clasts,  quartz,  and  authigenic  smectite.  The  main  source 
of  the  shale  clasts  and  quartz  are  aeolian  in  nature  and 
arc  derived  mainly  from  African  and  Asian  shales. 

2.  Illite-rich  argillaceous  or  shale  clasts  are  iden¬ 
tifiable  by  their  morphology  (high  degree  of  round¬ 
ness)  and  their  unique  fracture  characteristics  created 
by  an  ultrathin-sectioning  process.  The  fractured  il- 
litc-rich  argillaceous  or  shale  clasts  have  been  given 
the  name  "fractillites"  (fractured  illites).  Unlike  other 
clay  particles,  argillaceous  or  shale  clasts  arc  brittle 
and  they  fracture  upon  bending  while  being  cut  from 
a  thin  .section  by  a  diamond  knife.  This  unique  event 
and  morphology  allows  for  the  identification  and  dif¬ 
ferentiation  of  illite-rich  shale  cla.sts  from  other  clays, 
including  detrital  illite.  kaolinite.  and  smectite. 

.4,  The  Plio-Pleistocene  red  clays  of  the  North  Pa¬ 
cific  Basin  have  a  mineralogy,  exclusive  of  smectite. 


Kiiiuri-S?.  I  I.  M  phii|iimicri>i!raph  i>l  >i;dinicnl  rccoNcrcil  Imin  ihc  Japan  Ircnch.  I)SI)I’  Site  440.  .J..*'  in  suhbolloin.  Note  the  <>c- 
v-urrcncc  ol  Iracnircil  pann-lcs  al  posiiions  .X  ami  U  Scale  Bar  pm 


similar  to  that  of  an  axcrasjc  Asian  shale.  The  I'ael  that 
illite-rieh  areillaeeous  or  shale  elasts  make  up  the  bulk 
ol  the  sediments  ol  the  red  elays  texelusive  of  smee- 
tite)  and  the  similarity  between  their  mineralogy  and 
that  of  .Asian  shales  would  indicate  the  red  elays  of 
the  .North  Paeillc  Basin  are  derived  from  shales  in  North 
■Alrica  and  .Asia  and  transported  to  the  Pacific  Basin 
h\  aeolian  processes. 

4.  The  study  of  clay  microstructure  can  provide  in¬ 
sight  and  solve  probletns  in  a  number  of  scientific  and 
technical  problems  in  the  areas  of  geology.  getKhem- 
istry.  paleoclimatology.  and  soil  seience. 

.b.  The  geotechnical  character,  consolidation,  -oid 
ratio  variation,  sediment  strength,  and  grain-si/e  of 
the  red  clays  are  dissimilar  from  conventional  marine 
and  continental  fine-grained  sediments. 

6.  .Standard  geotechnical  techniques,  such  as  the 
use  of  Casagrande's  graphic  method  to  determine  pre¬ 


consolidation  stress,  are  not  valid  for  red  clays  that 
have  a  large  e.xpansion  index. 

7.  The  red  clays  are  overconsolidated:  their  pre- 
constilidalion  stress  is  in  all  cases  larger  than  the  ver¬ 
tical  effective  (overburden)  stress.  The  ovcrconsoli- 
dation  is  attributed  to  the  strong  bonding  of  argillaceous 
or  shale  clasts,  quart/,  and  other  particulate  matter  by 
x-ray  amorphous  and  well  developed  crystalline  sheets 
of  authigenic  smectite. 

8.  Observations  of  numerous  marine  sediments  in¬ 
dicated  the  ubiquitous  nature  and  presense  of  "factil- 
lites"  (illitic  shale  clasts)  in  various  depositional  en¬ 
vironments. 

/\ckn«»wl«;d);ment.s 
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inul  DSDP  invcsligations  ot  Pacific  red  clays  recovered  from  Sites 
576.  We  gratefully  acknowledge  the  efforts  of  Drs.  R.  Sehiffman, 
I.  Niwrany,  A.  Silva,  P.  Schultheiss,  L.  Shephard,  and  E.  Taylor. 
Ms.  P,  J.  Burkett,  provided  the  TEM  mosaics  of  the  Pacific  red 
clay  and  the  Bootlegger  Cove  Clay  and  assisted  in  pnK'essing  var¬ 
ious  micrographs  for  this  study.  J.  Bryant  drafted  numerous  fig¬ 
ures  that  contributed  substantially  to  this  study.  F.  L.  Nastav  as¬ 
sisted  in  reviewing  and  editing  the  manuscript.  We  appreciate  the 
effort  of  H.  R.  Schmoll  and  H.  Olsen  who  provided  core  samples 
for  TEM  study  of  the  B(H)tlegger  Cove  Clay.  H.  R.  Schmoll  and 
R.  Updike  provided  the  SEM  micrographs  of  the  “BcHirlegger** 
sample.  Various  versions  of  the  manuscript  were  typed  by  Ms.  S. 
Drews,  E.  Schiclds,  and  S.  Vrceland.  Support  for  the  second  au¬ 
thor,  provided  by  the  Naval  Ocean  Research  and  Development 
Activity  (NORDA)  under  Program  Element  Number  61I53N,  is 
very  much  appreciated,  The  program  is  administered  by  Dr.  H. 
Eppert.  Support  was  also  provided  by  NORDA  fi>r  P.  J.  Burkett 
under  a  student  cooperative  program  with  Texas  A&M  University. 
We  appreciate  the  efforts  of  A.  Delgado  for  arranging  this  pro¬ 
gram. 
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Pollution  of  the  North  Sea 

An  Assessment 

1988. 237  figures.  Approx.  600  pages.  Hard  cover  DM  198,-.  ISBN  3-540-19288-3 

Contents;  The  North  Sea  System:  Physics,  Chemistry,  Biology:  The  Hydrography  and 
Hydrographic  Balances  of  the  North  Sea.  Suspended  Matter  and  Sediment  Transport. 

C  cobiological  EITects  on  the  Mobility  of  Contaminants  in  Marine  Sediments.  The  Nature 
and  Functioning  of  Salt  Marshes.  Estuaries.  Fjords.  The  Water-Air  Interface.  The  Ecosys¬ 
tem.  Fishery  Resources.  Natural  Events.  -  Input  and  Behavior  of  Pollutants:  The  Scheldt 
Estuary.  The  Rhine-Meuse  Estuary.  The  Estuaries  of  the  Humber  and  Thames.  The  Estua¬ 
ries  of  the  Ems,  Weser  and  Elbe.  Dredged  Materials.  Sewage  Sludge  Disposal  in  the  North 
Sea.  Waste  incineration.  Inputs  from  the  Atmosphere.  Occurence  and  Fate  of  Organic 
Micropollutants  in  the  North  Sea.  Occurence  and  Fate  of  Heavy  Metals  in  the  North  Sea. 
North  Sea  Nutrients  and  Eutrophication.  -  Impacts  on  Selected  Areas  and  by  Human  Acti¬ 
vities:  The  German  Bight.  Impact  of  Pollution  on  the  Waddcn  Sea.  The  Impact  of  Anthro- 
pogcne  Activities  on  the  Coastal  Wetlands  of  the  North  Sea.  Fjords.  Impact  of  Sewage 
Sludge.  Impact  of  Contaminants  Mobilized  from  Sediments  upon  Disposal.  Oil  Explora¬ 
tion  and  Production  and  Oil  Spills.  Fishery  Effects.  Ecological  Impacts  During  the  Comple¬ 
tion  of  the  Eastern  Scheldt  Project.  -  Biological  Impacts  and  Monitoring:  Accumulation  (of 
Contaminants)  by  Fish.  Accumulation  by  Birds.  Accumulation  and  Body  Distribution  of 
Xenobiotics  in  Marine  Mammals.  Effects  on  Invertebrates.  Effects  of  Polfutants  on  Fish. 
Ecotoxicology:  Biological  Elfects  Measurements  on  Molluscs  and  Their  Use  in  Impact 
Assessment.  Mesocosms.  The  Role  of  Biological  Monitoring.  Model-Monitoring  Relation¬ 
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Chemistry  and  Biology  of  Solid  Waste 

Dredged  Material  and  Mine  Tailings 

1988. 83  figures,  59  tables.  X,  305  pages.  Hard  cover  DM  139,-.  ISBN  3-540-18231-4 

Environmental  Management  of  Solid  Waste 

Dredged  Material  and  Mine  Tailings 

1988.  1 18  figures.  X,  396  pages.  Hard  cover  DM  168,-.  ISBN  3-540-18232-2 

Dredged  Material  and  Mine  Tailings  are  two  of  the  same  thing  once  they  are  deposited  on 
land:  they  must  be  safeguarded,  wash-out  must  be  prevented,  and  they  must  be  protected 
by  a  plant  cover.  This  comprehensive  treatise  covers  both  important  aspects  of  their  mana¬ 
gement:  In  Chemistry  and  Bioiogy  of  Solid  Waste  the  principles  and  assessment  are  scien¬ 
tifically  studied  and  discussed,  while  Environmental  Management  of  Solid  Waste  turns  to 
the  practical  applications,  such  as  prediction,  restoration  and  management.  Previously, 
dredged  material  was  a  commodity,  it  could  be  sold  as  soil,  e.  g.  to  gardeneis.  in  the  mean¬ 
time,  dredged  material  from  the  North  Sea  (e.  g.  the  Rotterdam  or  Amsterdam  harbor) 
must  be  treated  as  hazardous  waste.  Many  environmentalists,  managers  and  companies  do 
not  know  how  to  solve  the  inherent  problems.  This  new  work  deals  with  the  chemical, 
physical  and  biological  principles;  the  biological  and  geochemical  assessment;  the  predic¬ 
tion  of  elfects  and  treatment;  and  finally,  with  the  restoration  and  revegetation.  It  is  written 
by  many  leading  scientists  in  the  various  fields,  and  will  prove  invaluable  for  scientists, 
managers  and  politicians  who  are  concerned  with  the  present  environmental  situation. 


U.  Seellger,  L.  D.  de  Lacerda, 

S.  R.  Palchineelam  (Eds.) 

Metals  in  Coastal 
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1988, 106  figures.  XV,  297  pages. 

Hard  cover  DM  84,-. 

ISBN  3-540-16945-8 

For  the  first  time  a  state-of-the-art  of  pre¬ 
sent  metal  pollution  along  the  coastline  of 
Latin  America  is  provided.  This  collection 
of  papers  from  a  conference  held  in  August 
1986  in  Rio  de  Janeiro,  Brazil,  is  designed 
to  inform  readers  of  recent  advances  in  an 
important,  interdisciplinary  field.  Primary 
focus  is  on:  -  Metal  Surveys  -  Metals  in 
Sediments  -  Metals  in  Biota  -  Metal  Trans¬ 
port  and  Cycles  -  Metal  Monitoring. 

This  book  fills  a  long-standing  gap  in  the 
literature  and  will  be  of  prime  interest  to 
researchers,  students  and  professionals  in 
geology,  biology  and  chemistry. 
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lAVCEI  Proceedings  in  Volcanology 

This  new  proceedings  series  of  the  International  Association  of  Volcanology  and 
Chemistry  of  the  Earth’s  Interior  (lAVCEI)  reflects  the  vigorous  growth  of  volcano- 
logical  research  in  recent  years  and  an  increasing  tendency  for  this  new  work  to  be 
presented  at  specialist  symposia  and  conferences.  Publication  of  the  proceedings  of 
these  meetings  as  special  issues  of  the  bimonthly  Bulletin  of  Volcanology  (formerly 
Bulletin  Volcanologique)  is  not  possible  if  the  newly  reorganized  Bulletin  is  to  main¬ 
tain  its  record  of  rapid  publication.  Thus  lAVCEI  Proceedings  in  Volcanology  was 
conceived  as  a  companion  series  devoted  to  timely  publication  of  new  research  on  a 
single  theme  of  current  interest.  In  contrast  to  the  Bulletin,  volumes  will  be  separate 
entities  and  will  be  published  at  irregular  intervals  depending  on  demand.  The 
Proceedings  will  cover  the  same  range  of  volcanological,  geochemical,  and  geophysical 
topics  dealt  with  by  the  Bulletin.  lAVCEI  News,  SEAN  information  on  current  volca¬ 
nic  eruptions,  and  the  Bulletin  of  Volcanic  Eruption  will  continue  to  appear  in  the 
Bulletin  of  Volcanology. 

The  aim  is  to  maintain  a  high  standard  for  the  Proceedings  by  choosing  only  those 
topics  likely  to  have  a  wide  international  appeal  and  by  maintaining  strict  reviewing 
procedures  in  collaboration  with  convenors  of  high  scientiflc  standing.  Convenors  will 
be  identified  clearly  as  the  editors  of  particular  volumes. 

Subcrlbers  to  Bulletin  of  Volcanology  are  offered  a  20%  discount  on  all  volumes  in 
Ibis  NEW  series! 
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1988. 273  fl)  Bires,  Approx.  630  pages.  Hard  cover  in  preparation. 

ISBN  19337-5^,. 

Vekarfc  Heartls  ueyOf  great  contemporary  environmental  concern.  This 
book  conaiita  of  two  pki^the  first  dealing  mainly  wirth  Hazard  Assessment, 
and  the  leoond  moetly  witIbMpnitoring.  Special  attention  is  devoted  to  the 
queitkm  of  how  nirveiBance  active  and  inactive  volcanoes  can  be 

carried  out  in  different  parte  of  tbMUQrid. 
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